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The energy carrier hydrogen is expected to solve some energy challenges. Since its 
oxidation does not emit greenhouse gases (GHGs), its use does not contribute to climate 
change, provided that it is derived from clean energy sources. Thermochemical water 
splitting using a Cu-Cl cycle, linked with a nuclear super-critical water cooled reactor 
(SCWR), which is being considered as a Generation IV nuclear reactor, is a promising 
option for hydrogen production.  
 
In this thesis, a comparative environmental study is reported of the three-, four- and five-
step Cu-Cl thermochemical water splitting cycles with various other hydrogen production 
methods. The investigation uses life cycle assessment (LCA), which is an analytical tool 
to identify and quantify environmentally critical phases during the life cycle of a system 
or a product and/or to evaluate and decrease the overall environmental impact of the 
system or product. The LCA results for the hydrogen production processes indicate that 
the four-step Cu-Cl cycle has lower environmental impacts than the three- and five-step 
Cu-Cl cycles due to its lower thermal energy requirement.  
 
Parametric studies show that acidification potentials (APs) and global warming potentials 
(GWPs) for the four-step Cu-Cl cycle can be reduced from 0.0031 to 0.0028 kg SO2-eq 
and from 0.63 to 0.55 kg CO2-eq, respectively, if the lifetime of the system increases 
from 10 to 100 years. Moreover, the comparative study shows that the nuclear-based S-I 
and the four-step Cu-Cl cycles are the most environmentally benign hydrogen production 
methods in terms of AP and GWP. GWPs of the S-I and the four-step Cu-Cl cycles are 
0.412 and 0.559 kg CO2-eq for reference case which has a lifetime of 60 years. Also, the 
corresponding APs of these cycles are 0.00241 and 0.00284 kg SO2-eq. It is also found 
that an increase in hydrogen plant efficiency from 0.36 to 0.65 decreases the GWP from 
0.902 to 0.412 kg CO2-eq and the AP from 0.00459 to 0.00209 kg SO2-eq for the four-
step Cu-Cl cycle. 
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The world’s energy demand increases with increasing population. According to the 
International Energy Agency, energy demand supplied by fossil fuels is 81.3%, while 
nuclear energy and renewables contribute 5.8% and 10.7% respectively (IEA, 2010). The 
use of fossil fuels contributes to worldwide environmental and energy problems. 
Greenhouse gas (GHG) emissions and reductions in fossil resources leading to an 
increase in the prices of fossil fuels are examples of these problems. Hence, alternatives 
to fossil fuels have been investigated. The rise in energy demand will impose growth in 
nuclear and renewable energy to address sustainable solutions. Therefore, the shift in 
energy supplies from fossil fuels to nuclear resources and renewables is expected due to 
increase in energy demand as well as environmental issues such as global warming. 
Renewable energy resources, such as wind and solar energy, which do not emit GHGs, 
can be a viable solution. Therefore, increased research and funding have been dedicated 
to renewable energy technologies around the world. However, renewable energy sources 
are intermittent and have their own challenges (Ni, 2009).  Hence alternatives to 
renewable energy sources, such as nuclear energy, should be considered. The increasing 
number of countries that are adopting nuclear energy programs is indicative of the 
growing worldwide effort to develop nuclear power plants. However, in future all energy 
systems are expected to be hybrid systems, which are combination of various energy 
resources and energy conversion methods to exist as one system, to maximize efficiency 
and to reduce environmental impacts and waste energy of the system. Hydrogen is a 
promising candidate to be a link between renewable and nuclear energy resources utilized 
in hybrid systems, when considering a sustainable and environmental benign future 
(Jaber, 2009).  
 
The energy carrier hydrogen is widely believed to be the world’s next generation fuel to 
solve various energy demand challenges. Since, its oxidation does not emit GHGs; its use 
does not contribute to climate change, provided that it is derived from clean energy 
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sources. Hydrogen exists in a great amount in the nature, thanks to the vast amount of 
water. Moreover, it is believed that hydrogen will replace petroleum products for fuelling 
of transportation vehicles which in turn will decrease the dependence on petroleum. 
Industrial sectors, especially automotive industry, are also showing a great interest in 
hydrogen. Moreover, conversion to electricity via fuel cells is efficient and 
environmentally benign (Solli, 2004). Replacement of fossil fuels by hydrogen will be 
inevitable because of the all social and environmental reasons stated above. However, it 
should be noted that hydrogen is not an energy source but rather an energy carrier.  The 
distinction of energy sources from energy carriers is that energy sources are extracted 
from the earth (ISO 13600, 1997). An energy carrier is a substance which can be used to 
produce mechanical work or heat or to operate chemical or physical processes. There are 
several ways to produce hydrogen including steam reforming of natural gas, coal 
gasification, water electrolysis and thermochemical cycles. 96% of world’s hydrogen is 
produced using fossil fuels, and steam reforming is the most commonly used method 
(Dufour et al., 2009). 
 
Some studies (Serban et al., 2009) suggest that hydrogen can be produced more clean and 
cost-effective using thermochemical cycles. The required temperature to directly split 
water into hydrogen and oxygen is too high to be practical. However, using a series of 
reactions the overall same result can be achieved at much lower temperatures (Serban et 
al., 2009). In the open literature, over 200 thermochemical cycles have been identified 
previously, but very few have progressed beyond theoretical calculations to working 
experimental demonstrations. After considering several factors like availability and 
abundance of materials, simplicity, chemical viability, thermodynamic feasibility and 
safety issues, eight cycles were identified as of possible commercial significance: 
sulphur-iodine (S-I), copper-chlorine (Cu-Cl), cerium-chlorine (Ce-Cl), iron-chlorine (Fe-
Cl), magnesium-iodine (Mg-I), vanadium-chlorine (V-Cl), copper-sulfate (Cu-SO4) and 
hybrid chlorine. Most of these cycles require process heat at temperatures above 800 °C. 
Due to its lower temperature requirements (around 530 °C), the Cu-Cl cycle has some 
advantages over other cycles (Naterer et al., 2008), including reduced material and 
maintenance costs. Moreover, the Cu-Cl cycle has some advantages over other existing 
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hydrogen production methods, and low-grade waste heat can be utilized effectively, 
improving efficiency (Naterer et al., 2009). 
 
Several energy sources can be used for hydrogen production such as fossil fuels, nuclear 
and renewables. Renewables are the most environmentally benign alternative; however, 
an important challenge is to obtain sustainable large-scale production. Moreover, fossil 
fuels generate significant quantities of GHGs. Using nuclear energy for hydrogen 
production is advantageous for two main reasons, which also happen to be the 
weaknesses of the previous two energy sources. The first reason is that the nuclear plants 
do not emit carbon dioxide. Secondly, nuclear energy can contribute to large scale 
hydrogen production (Orhan et al., 2008). For these reasons and many more, the Cu-Cl 
cycle linked with a Generation IV SCWR (super-critical water cooled reactor) is seen as a 
promising alternative (Naterer et al., 2009). 
 
1.1 Motivation and Objectives 
University of Ontario Institute of Technology (UOIT) has a research team working on the 
Cu-Cl cycle to demonstrate a lab scale production of hydrogen in Clean Energy Research 
Lab (CERL). The research is in collaboration with Atomic Energy of Canada Limited 
(AECL), Argonne National Laboratory and other partners. The main objective of this 
research is to show that hydrogen can be produced using the Cu-Cl thermochemical water 
decomposition cycle in an efficient and environmental benign way. 
 
There are several key challenges to industrialize the lab scale production to mass 
production. First of all, it should be demonstrated that the Cu-Cl cycle is a better option 
compared to its competitor S-I cycle economically and practically. Clean energy 
resources, such as nuclear and renewables linked with hydrogen production using the Cu-
Cl cycle requires a maximum temperature of 530˚C whereas the S-I cycle requires 900˚C. 
Less temperature requirement will provide lower complexity and expensive systems, 
moreover because of the lower temperature requirement; the Cu-Cl cycle hydrogen 
production plant can be coupled with existing nuclear reactors of all types that can 
produce heat at 530˚C. On the other hand, the S-I cycle is designed to be coupled to the 
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next generation of high temperature gas cooled reactors (Jaber, 2008). Secondly, although 
hydrogen is a clean energy carrier, since its oxidation does not emit GHGs; negative 
environmental impacts can arise during its production. Hence, the environmental impact 
of all hydrogen production methods must be investigated. Clean energy based hydrogen 
production using thermochemical water splitting has lower environmental impacts 
compared to conventional methods. However, a comprehensive study has not been 
performed to investigate environmental impacts of the Cu-Cl cycle, although there are 
researches available for the other hydrogen production methods. Thus, a life cycle 
assessment (LCA) must be applied on the Cu-Cl hydrogen production. 
 
Life cycle assessment is basically a cradle to grave analysis to investigate environmental 
impacts of a system. Moreover, LCA is an analytical tool to identify environmentally 
critical phases during the life cycle of a system or a product and/or to evaluate and 
decrease the overall environmental impact of a system or a product (Heikkila, 2004). 
Several methods for the evaluation of systems exist, such as Eco-indicator 99 & 95, EPS 
2000, CML 2001, Impact 2002, and EPD Method. 
 
The objective of this thesis is to show environmental impacts of nuclear based hydrogen 
production via thermochemical water splitting using the Cu-Cl cycle by performing life 
cycle assessment. The specific objectives can be summarized as follows: 
 
1. To conduct LCA of nuclear-based hydrogen production using the three-, four-, 
five-step Cu-Cl cycle for four different scenarios, which are defined as follows: 
• All processes use grid power. 
• Electricity needed for electrolysis of the Cu-Cl cycle is supplied by  a                 
nuclear plant, and the remaining electrical requirements are met using grid 
power. 
• Electricity need in electrolysis and during heavy water production 
obtained from nuclear plant, and electricity requirement for the processes 
of fuel cycle uses grid power. 




2. To obtain results of the studies conducted in the previous step in terms of CML 
2001 impact categories, which are abiotic resource depletion potential, 
acidification potential, eutrophication potential, global warming potential, ozone 
depletion potential, photochemical ozone creation potential and radiation. 
  
3. To investigate the variation of the results of the study (for point 1 above)with 
respect to seven impact categories listed in point 2 above with system parameters 
(i.e. plant hydrogen production capacity per day and lifetime of the plant). 
Variations of impact categories with lifetime of the system, which have a range of 
10 years to 100 years, are investigated for two different plant capacities, which are 
125,000 kg per day and 62,500 kg per day. Secondly, environmental impacts have 
been investigated by varying the plant capacity from 1,000 kg to 500,000 kg for 
30 and 60 years of plant life. 
 
4. To compare the LCA results of nuclear-based hydrogen production using the 
three-, four-, five-step Cu-Cl cycles, which is obtained in  with other hydrogen 
production methods, which are  nuclear-based thermochemical S-I cycle, nuclear 
based high temperature electrolysis, natural gas steam reforming, biomass based 
electrolysis, wind based electrolysis, solar based electrolysis. Comparison is made 
by using acidification potential and global warming potential as impact categories 
and Eco-indicator 95 as a weighting method. 
 
5. To investigate effect of thermal management on environmental impact. LCA 
results are investigated in terms of acidification potential and global warming 
potential by variation of nuclear thermal output efficiency with a range of 0 to 1 








 LIFE CYCLE ASSESSMENT  
 
LCA is a useful technique, often used as an aid for decision making in industry and 
formulating public policy. It can be used to evaluate total environmental impact of a 
product or process. Since the overall environmental impact cannot be assessed by 
working on processes only, the environmental impact must be investigated from resource 
extraction to disposal. Impacts from competing products or processes can be compared 
with LCA. In addition, LCA can identify critical phases where process changes could 
significantly reduce impacts.  
 
History of LCA started with concerns over the limitations of raw materials and energy 
sources which sparked interest in finding ways to cumulatively account for energy use in 
the 1960’s. Harold Smith presented a study on cumulative energy requirements for the 
production of chemical intermediates and products at the World Energy Conference in 
1963. In 1969, researchers conducted first life cycle inventory analysis for the Coco-Cola 
Company, in which raw materials, consumed fuel and the environmental loadings from 
the manufacturing processes of different beverage containers were quantified.  
 
In 1970’s, the quantifying process of the resource and energy use and environmental 
releases of products became known as a Resource and Environmental Profile Analysis 
(REPA), as practiced in United States. It was called an EcoBalance in Europe. Oil 
shortages in the early 1970’s forced industry to search energy use and environmental 
releases. Therefore; approximately 15 REPAs were reported between 1970 and 1975. 
Through the early 1980s, environmental concerns shifted towards the issues of hazardous 
and household waste management. However, life cycle inventory, mostly on energy 
requirements, continued to be conducted throughout this time with a slower rate.  
 
LCA again came out as a tool for analyzing environmental issues when solid waste 
became a worldwide issue in 1988. The methodology for LCA was being improved 
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constantly and step from the inventory to impact assessment has brought LCA 
methodology to another point of evolution. Concerns over the misuse of LCAs emerged 
in 1991. Pressure from environmental organizations to standardize LCA methodology led 
to the development of the LCA standards in the International Standards of Organization 
(ISO) 14000 series (Curran, 2006): 
 
• ISO 14040, Life Cycle Assessment – Principles and Framework (ISO 14040, 
1997) 
• ISO 14041, Life Cycle Assessment – Goal and Scope Definition and Inventory 
Analysis (ISO 14041, 1998) 
• ISO 14042, Life Cycle Assessment – Life Cycle Impact Assessment (ISO 
14042, 2000) 
• ISO 14043, Life Cycle Assessment – Life Cycle Interpretation (ISO 14043, 
2000) 
• ISO 14044, Life Cycle Assessment – Requirements and Guidelines (ISO 14044, 
2006) 
 
Life cycle assessment consists of four main phases. Figure 2.1 shows the phases of an 
LCA. The first phase of LCA is goal and scope definition. The objective of this phase is 
to specify intention, application and stakeholders. The second phase, the life cycle 
inventory (LCI) phase, collects inventory data on material and energy flows during the 
life cycle. This is often the most time consuming part; moreover information is not 
always available. During the inventory analysis, emissions and consumed resources are 
identified and quantified. The third phase, life cycle impact assessment (LCIA), builds on 
the inventory results by assessing the environmental significance of each (ISO 14044, 
2006). In life cycle interpretation (improvement analysis), the final phase, LCIA results 
are evaluated and recommendations to reduce the environmental impacts of products are 





Figure 2.1: Phases of an LCA. 
 
2.1 Goal and Scope Definition 
The definition of the goal and scope of the LCA is critical to clarify essential 
determinations of the system. Hence, the goal and scope must be clearly defined and 
consistent with the intended application (ISO 14040, 1997). 
 
The concrete aims and the insight of interest of the LCA has to be stated clearly in this 
phase. Moreover, the intended audience and reasons to make the study must be identified. 
In defining the scope of the LCA, system boundary, which indicates the degree of detail 
in the inventory analysis, has to be drawn clearly by presenting the overview of the 
system. Separating the system into unit processes, each described with inputs and outputs 
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to other unit processes and the environmental flows (i.e. raw materials and emissions) 
arising from one unit output of the processes, is convenient. (Solli, 2004). To sum up, the 
system boundaries determine which unit processes are included the system. It is basically 
an interface between system and environment. Thus, system boundaries are dependent of 
the goal and scope definition.  
 
The scope of the system also has to define the function of the system. A functional unit 
(e.g. one kg of hydrogen produced), which is a measure of the performance, must be 
determined. The primary aim of the functional unit is to provide a reference to which the 
inputs and outputs are related. Selecting the functional unit is crucial to compare different 
systems, since comparisons have to be made on a common basis (ISO 14040, 1997). 
 
The equivalence of the systems shall be evaluated before interpreting results during 
conducting comparative studies. Hence, systems shall be compared with respect to the 
same functional unit, equivalent methodological considerations, system boundaries, data 
quality and decision rules on evaluating inputs and outputs and impact assessment. Any 
difference between systems must be identified and reported (ISO 14040, 1997). 
 
LCA is an iterative study; therefore, the goal and scope definition might be changed and 
modified, if additional information and/or data are collected. 
 
2.2 Life Cycle Inventory Analysis 
All process steps, as inputs/outputs of all flows within system boundary, must be 
identified as a first step of LCI. Then, LCI analysis includes data collection and 
calculation procedures to quantify relevant inputs and outputs of the system. These inputs 
may contain material use, energy use and releases to air, water and land associated with 
the system (ISO 14040, 1997). 
 
There can be several methods for data collection which may consist of collecting process-
specific data directly by measurements, collecting data from literature or calculating data 
by modelling the process. A combination of these techniques is generally required to 
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obtain desired set of inputs and outputs which have been determined in the first step of 
LCI. LCA-databases that contain life cycle data for a number of generic processes (e.g. 
steel production, electricity generation by source or country etc.) are also available (Solli, 
2004). 
 
Due to logistical as well as psychological barriers (such as a fear by industry of sharing 
data thereby revealing confidential corporate information), obtaining data to be use in 
LCI is difficult (Curran, 2000) Thus, an inventory analysis is an iterative procedure. To 
achieve the goals of LCA study, as data are collected and more is learned about the 
system, new data requirements or limitations may be identified that necessitate a change 
in the data collection procedures (ISO 14040, 1997). Moreover, processes may be 
included or excluded so that the goals of the study will be met. 
 
2.3 Life Cycle Impact Assessment 
The purpose of LCIA is to evaluate environmental impacts of the material and energy 
flows which have been raised in the inventory analysis. The goal and scope definition 
affects the level of details, impact categories, evaluation methodology. ISO 14042 (2000) 
divides LCIA into steps as followings: 
 
• Classification: As a first step of LCIA, impact categories, which are consistent 
with the goal and scope of the study, must be determined.  Then, inventory data 
has to be assigned to those impact categories, such as global warming potential, 
acidification potential etc. In other words, the flows in the analysis have to be 
matched with the impact categories. 
 
• Characterization: Characterization is defined as modelling of inventory data 
within impact categories. Once the inventory matched with impact categories, a 
quantification of their contribution to these impact categories has to be done. 
Hence, impact of different environmental flows is calculated as a common 
indicator unit in impact categories. This calculation is often done by pre-




• Normalization and weighting: This step is optional. Normalization and weighting 
take all environmental impacts and reduce them into a single score. 
 
There is a number of pre-developed impact assessment methods, such as CML 2001, 
Eco-indicator 95 & 99, EPS 2000, IMPACT 2002+, IPCC 200 and TRACI. The CML 
2001 and Eco-indicator 95 methods are explained further and are used for the LCIA of 
the nuclear based hydrogen production. 
 
2.3.1 CML 2001 Impact Categories 
The Center of Environmental Science of Leiden University (CML) published an 
“operational guide to the ISO standards” in 2001, which describes the LCA procedures 
according to ISO standards. A set of impact categories and the characterization methods 
and factors for an extensive list of substances (resources from/emissions to nature) are 
recommended for the impact assessment phase of LCA. Characterization factors for the 
elementary flows of resources and pollutants need to be assigned to implement these 
methods in the LCI database (Frischknecht et al., 2007). The environmental impact 
categories used in this study and their definitions are explained in Table 2.1 and detailed 
explanations of each are given as follows (Guinee et al., 2002): 
 
2.3.1.1 Abiotic Resource Depletion Potential 
Abiotic resources are non-living natural resources, such as copper ore, crude oil and can 
include energy resources, such as wind energy. One of the most frequently discussed 
impact category is abiotic resource depletion potential (ADP) and there is a wide variety 
of methods available for characterising contributions to this category. In this study, 
extraction of non-renewable raw materials is taken into consideration. Unit of indicator 




2.3.1.2 Acidification Potential 
Acidification potential (AP) is related to acid deposition of acidifying pollutants on soil, 
groundwater, surface waters, biological organisms, ecosystems and materials. SO2, NOx 
and NHx are the major acidifying pollutants. Protection areas are the natural environment, 
the man-made environment, human health and natural resources. Unit of indicator for this 
impact category is kg SO2-eq. 
 
2.3.1.3 Eutrophication Potential 
Nutrient enrichment may cause an undesirable shift in species composition and elevated 
biomass production in both aquatic and terrestrial ecosystems. Eutrophication covers all 
potential impacts of excessively high environmental levels of macronutrients, mainly 
nitrogen and phosphorus. All emissions, which have similar effects, are also treated under 
the impact category “eutrophication”.  Unit of indicator for eutrophication potential (EP) 
is kg PO4-eq. 
  
2.3.1.4 Global Warming Potential 
Global warming potential (GWP) is defined as the impact of human emissions on the 
radiative forcing (i.e. heat radiation absorption) of the atmosphere. Ecosystem and human 
health may be affected by global warming, in other words climate change. Most of these 
emissions enhance radiative forcing, which causes temperature rise at the earth’s surface 
and this is popularly referred as ‘greenhouse effect”. Unit of indicator for GWP is kg 
CO2-eq. 
 
2.3.1.5 Ozone Depletion Potential 
The thinning of the stratospheric ozone layer as a result of emissions is defined as 
stratospheric ozone depletion. The thinning causes a greater fraction of solar UV-B 
radiation to reach the earth’s surface, which has potentially harmful impacts on human 
health, animal health, terrestrial and aquatic ecosystems, biochemical cycles and 
materials. Therefore, ozone depletion potential (ODP) imposes on all four areas of 
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protection, which are human health, the natural environment, the man-made environment 
and natural resources. Unit of indicator for ODP is kg R11-eq.  
 
2.3.1.6 Photochemical Ozone Creation Potential 
Photo-oxidant formation is the formation of reactive chemical compounds such as ozone 
by the action of sunlight on certain primary air pollutants. These reactive compounds may 
cause serious human health problems. 
 
Photo-oxidants may be formed in the troposphere under the influence of ultraviolet light, 
through photochemical oxidation of Volatile Organic Compounds (VOCs) and carbon 
monoxide in the presence of nitrogen oxides. The most important of these oxidising 
compounds is ozone which can cause bronchial irritation, coughing, etc.  Unit indicator 
for Photochemical Ozone Creation Potential (POCP) is kg Ethylene-eq. 
 
2.3.1.7 Radiation  
The impact category “radiation (RAD)” comprises the impacts arising from releases of 
radioactive substances as well as direct exposure to radiation, such as building materials, 
and this is harmful to both human beings and animals. The radioactivity of substance is 
expressed in becquerel (Bq) per kg and category indicator for this impact category is 
disability-adjusted life years (DALY) 
 
2.3.2 Weighting 
Because of its dependence on value judgments, weighting in LCA is a controversial issue 
(Prek, 2004). It is often difficult to estimate the overall environmental impact of a 
product. Several weighting methods have been presented to assist life cycle impact 
assessment. The results are often questioned because these methods are also based on 
principles selected by inventors of this method. Nevertheless, these methods provide an 




The Eco-indicator 95 method is a practical tool which converts overall environmental 
impacts of a system to a single value, and permits users to observe the environmental 
impacts of design alternatives. Figure 2.2 shows the Eco-indicator weighting principle to 
obtain this single score. The higher the indicator, the greater is the environmental impact. 
Standard Eco-indicator values have been already developed. 
 
Table 2.1: CML 2001 Impact categories. 
Environmental impact category Definition 
Abiotic resource depletion 
potential (ADP) (kg Sb-eq) 
Deals with depletion through extraction of non-
renewable raw materials 
Global warming potential 
(GWP) (kg CO2-eq) 
Relates to the increasing concentration of CO2 in 
Earth's atmosphere 
Ozone depletion potential (ODP) 
(kg CFC-eq) 
Deals with depletion of the stratospheric ozone 
layer, which increases the amount of ultraviolet 
radiation reaching the Earth's surface  
Eutrophication potential (EP) 
(kg phosphate-eq) 
Accounts for over fertilization or nutrition 
enrichment at a certain location 
Acidification potential (AP) 
(kg SO2-eq) 
Relates to acid deposition on soil and into water, 
which may change the degree of acidity 
Photochemical ozone depletion 
potential (POCP) (kg ethene-eq) 
Deals with depletion due to volatile organic 
compounds in the atmosphere  
Radioactive radiation (RAD)  
(disability-adjusted life years, 
DALY) 
Accounts for the emission and propagation of 
energy in the form of rays or waves 




2.3.3 GaBi 4 
Several software packages are available to perform LCIA analysis. The GaBi 4 LCA 
software is used in this research. The GaBi 4 software system is a tool to create life cycle 
balances. It provides support when managing large data sets and modeling product life 
cycles. GaBi 4 calculates different types of balances and helps users to analyze and 
interpret the results. According to the GaBi 4 user manual (PE International, 2006), 
comprehensive balances such as those introduced over 10 years ago by the LBP 
University Stuttgart and PE International GmbH can be performed. As a method for the 
assessment of the technical, economic and environment impacts of products, services and 
systems, comprehensive balances can be used to fulfill eco-balance or LCA methods.  
 
GaBi 4 is a modular system. This means that plans, processes and flows as well as their 
functions form modular units. As a result, the GaBi system has a clear and transparent 
structure. Data on the LCI, LCIA and weighting models are carefully separated from each 
other. 
 
2.4 Life Cycle Interpretation (Improvement Analysis) 
The life cycle interpretation is the final phase in which the work done LCI and LCIA are 
combined and results of them are investigated to reach conclusions and 
recommendations. The goal and scope of the study has to be considered as making 
appropriate comments. To sum up, life cycle interpretation will help decision makers to 
choose the most environmental benign alternative. However, the effect of other factors, 
such as technical performance, economic and social factors, might be dominant in the 
decision making process. As is often a part of LCA, improvement analysis, which 
investigates ways to environmentally improve the system, is also considered in this study. 
Improvement analysis suggests new methods and applications on the system to reduce 





































Figure 2.2: Eco-indicator weighting principle to assess the environmental impact of a 
















Since hydrogen is an energy-efficient, low polluting fuel, it is believed to be one of the 
most promising energy carriers for the future. When hydrogen is combusted with air or is 
used in a fuel cell to generate electricity, water and a small amount of NOx become the 
only products. Moreover, it is renewable and many compounds, such as water, fossil 
fuels, and biomass, contain hydrogen. Because of the aforementioned reasons, hydrogen, 
when manufactured from renewables and used in fuel cells, can provide sustainable 
energy to power electric vehicles (Dincer, 2002). Dincer (2002) studied technical, 
environmental and exergetic aspects of hydrogen energy systems specifically fuel cells. 
Moreover, exergy concepts and two case study discussing exergetic aspects are also 
introduced. The following remarks can be drawn from this study: 
 
• An enhanced understanding of the environmental problems relating to energy use 
presents a high-priority need. 
• Since hydrogen is the most efficient and the safest fuel, it is one of the best 
alternatives as the most versatile fuel. 
• Exergy analysis is an effective method to design more efficient energy systems by 
decreasing the inefficiencies in existing systems. 
 
Dincer (2007) discussed the current environmental problems, potential solutions to these 
problems, possible future hydrogen energy-utilization systems for sustainability and 
better environment using exergy and LCA tools. This study shows that renewable energy 
utilization in hydrogen production can play a key role in sustainable development and to 
current environmental problems. The comparison of energy consumption and GHGs 
emissions during vehicle cycle of PEMFC and ICE vehicle were conducted in the paper. 
Results show the usage state as the largest contributor to energy consumption and GHGs 
emissions. The energy consumption of PEMFC vehicle is three times lower than ICE 
vehicle. In addition, GHGs emissions during the vehicle cycle of PEMFC vehicle 
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founded as 8% of the GHG emissions of the ICE vehicle. In the second case study, LCA 
of the hydrogen production technologies compared with LCA of gasoline production. 
Results showed that hydrogen production from wind energy via electrolysis is more 
consistent with sustainable development for GHGs emissions.   
 
3.1 Hydrogen Production 
Hydrogen can be produced using several methods, such as water electrolysis, steam 
methane reforming (SMR), and thermochemical water splitting. These hydrogen 
production methods can also be linked with different kind of energy sources including 
nuclear energy, fossil fuels and renewables. Currently, 96% of world hydrogen is 
produced using fossil fuels. Natural gas is the main raw material among them and SMR is 
the most used method (Dufour et al., 2009). Although hydrogen is a clean energy carrier, 
the negative environmental can arise during its production. In addition, since SMR is the 
most used method, large amount of GHGs emitted. Thus, new methods have been tried to 
be developed. Among them, thermochemical cycles, specifically S-I and Cu-Cl cycles, 
are considered as promising options. Figure 3.1 shows the hydrogen production methods 
and energy sources linked with them. 
 
Rosen (1996) compared hydrogen production methods from thermodynamic point of 
view. Energy and exergy analysis are conducted to hydrocarbon-based (steam methane 
reforming and coal gasification), non-hydrocarbon-based (water electrolysis and 
thermochemical water decomposition) and integrated (steam methane reforming linked to 
the non-hydrocarbon-based processes). To perform analysis, Aspen Plus software is used. 
Results show that energy efficiency are determined as 21 to 86% and exergy efficiencies 





Figure 3.1: Hydrogen production methods (modified from Jaber, 2009). 
 
Pilavachi et al. (2009) compared seven hydrogen production systems, which are steam 
methane reforming (SMR), partial oxidation of hydrocarbons (POX), coal gasification 
(CG) biomass gasification (BG), the combination of photovoltaics and electrolysis (PV-
EL), the combination of wind power and electrolysis (W-EL) and the combination of 
hydropower and electrolysis (H-EL). The selected criteria to compare the methods are 
CO2 emissions, operation and maintenance costs, capital cost, feedstock cost and 
hydrogen production cost. The evaluation show that renewable based hydrogen 
production (PV-EL, W-EL and H-EL) rank higher in classification than conventional 
processes. The following sections briefly review the main hydrogen production methods. 
 
3.1.1 Hydrocarbon Based Hydrogen Production 
Since SMR is the most common method, many authors studied this method 
thermodynamically. Steam reacts with methane at high temperatures in order to produce 
carbon monoxide and hydrogen, which is a mixture known as synthesis gas. A catalyst is 
generally used for the reforming reaction. Additional hydrogen can also be produced 
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through the water-gas-shift (WGS) reaction, which takes place at high and low 
temperature phases. Finally, a purification process is utilized (Pilavachi 2009). 
 
Simpson et al. (2007) evaluated performance of hydrogen production via steam methane 
reforming using exergy analysis, with emphasis on exergy flows, destruction, waste, and 
efficiencies. Exergy and energy efficiencies of the system are found to be 67% and 63%, 
respectively. Un-used exergy, i.e. not utilized within the system, is calculated as 37.3% of 
total input exergy. The major source of exergy destruction is due to the high 
irreversibility of chemical reactions and heat transfer. Moreover, it is calculated that a 
significant amount of exergy, which is 19% of the total input exergy, is wasted in the 
exhaust stream. 
 
Currently 23% of the world’s total energy comes from coal, and coal gasification is the 
primary method for producing hydrogen from coal. Although it is a well established 
technology, it is not as common as SMR due to economic reasons (Jaber, 2009).  
 
Pulverized coal is oxidized with pure oxygen at high temperatures (i.e. 1300-1500˚C) in 
order to produce a raw gas mixture which is then desulfurized. The produced gas after 
desulfurization is called synthesis gas. The synthesis gas is then processed through a shift 
reactor in order to increase the hydrogen fraction. A purification process takes place at 
the end (Pilavachi, 2009).  
 
Watanabe et al. (2006) modelled a coal gasification reactor to predict performance for an 
entrained flow coal gasifier. The objectives of the study are defined as to develop an 
evaluation technique for design and performance optimization of coal gasifier using a 
numerical simulation technique, and to confirm the validity of the model which is 
composed of a pyrolysis model, char gasification model, and gas reaction model. 
Influence of the air ration on gasification performance, amount of product char, a heating 
value of the product gas, and cold gas efficiency is presented with regards to the 2 tons 
per day gasifier. Comparison of cold gas efficiency between model and experimental 




Cormos  et al. (2008) investigates the technical aspects of hydrogen production based on 
coal gasification with CO2 capture. Technical evaluation and the assessment of 
performance of a number of plant configurations based on standard entrained-flow 
gasification processes producing hydrogen at pipeline pressure, which incorporate 
improvements for increasing hydrogen purity and pressure, are studied. The study 
showed that purity issue can be solved by using captured CO2 rather than nitrogen to 
transport the coal in the gasifier. Moreover, to increase pressure, in-plant compression of 
the raw syngas is considered. Results showed that the production of 99.99vol% pure 
hydrogen can be achieved by applying these methods. 
 
3.1.2 Water Electrolysis 
Water electrolysis is a common method to produce hydrogen by water splitting which is 
achieved by passing an electric current through water. An anode, a cathode, power 
supply, and an electrolyte are main components of a basic water electrolysis unit, as 
shown in Figure 3.2. A direct current (DC) is applied to maintain the balance of 
electricity.  Then, electrons flow from the negative terminal of the DC source to the 
cathode at which the electrons are consumed by hydrogen ions to form hydrogen (Zeng et 
al., 2010).  
 





Honnery et al. (2009) presented an estimation of global hydrogen and electricity 
generation from wind. By replacing wind turbines with a capacity of 2 MW/km2, global 
wind energy was estimated. Results showed that, by constraining turbine placement and 
wind speed, the total annual supply reduces to 229 EJ. System considered consists of 
hydrogen production via low-pressure electrolysis and hydrogen transmission via high-
pressure gas pipelines. The system not only produces hydrogen, but also generates 
electricity. The technical estimation of the energy from produced hydrogen is calculated 
to be 116 EJ.    
 
Brisse .et al. (2008) studied high temperature electrolysis, which is a promising 
technology because of its lower energy consumption compared to conventional 
electrolysis, in solid oxide cells. The performance of solid oxide electrolyser cell as a 
function of temperature, humidity and current density was investigated in this study. A 
current density of -1.4 A cm-2 was achieved with only 1.1 V cell voltage at an absolute 
humidity of 82% AH and 900˚C which corresponds 100% electrical cell efficiency. 
 
Perez-Herranz  et al. (2010) studied with the development of a system to control and 
monitor the operating parameters of an alkaline electrolyser and a metal hydride storage 
system that allow for a continuous hydrogen production. To control the electrolyser 
pressure, a PI controller had been implemented, since the electrolysis current is controlled 
via pressure. By using this system, the specific power consumption decreased with the 
operating temperature from 57.5 kWh/kg H2 at 33˚C to 47 kWh/kg H2 at 45˚C, and the 
energy efficiency increases from 57.8% to 70%. 
 
3.1.3 Biomass Based Hydrogen Production 
Biomass is known as the third energy source after coal and oil and it is a mixture of 
hemicellulose, cellulose, lignin and minor amounts of other organics. There are many 
different routes to convert biomass into useful forms of energy products. The most 
favourable thermo-chemical conversion processes for utilizing renewable biomass energy 
are pyrolysis and gasification of the waste materials. During gasification, a major part of 
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the biomass is thermally decomposed into a gas form, while pyrolysis process mainly 
related with a liquid form as an end product (Cohce, 2010).  
 
Also, there are many studies about thermodynamic analysis of biomass gasification; one 
of them is Ptasinski  et al. (2005), who compared different types of solid biofuels (straw, 
untreated wood, treated wood, grass plants) or liquid biofuels (vegetable oil) for their 
gasification energy, exergy efficiencies. The study showed that biomass could replace 
coal as a gasification feedstock from a thermodynamic point of view. Aspen Plus 
software which was used in the analysis displayed that gasification based on chemical 
and physical exergy showing higher efficiencies than for solid biomass almost 84% to 76-
78%. However, the vegetable oils result is similar to the gasification of coal and both 
could be considered as high-quality fuels (Cohce et al., 2010). 
 
Mahishi et al. (2007) conducted a thermodynamic analysis of hydrogen production from 
biomass using equilibrium modeling to figure out optimum gasification process 
conditions. The impact of temperature, pressure, steam-biomass ratio and equivalence 
ratio were investigated. The analysis showed that the maximum amount of hydrogen that 
can be produced at operating environment of P=1 atm, T=1000 K, STBR=3 and ER= 0.1 
is 1.54 mol with a thermodynamic efficiency of 54%. 
 
3.1.4 Thermochemical Water Splitting 
There are 200 thermochemical cycles studied in the literature. These cycles, which are 
composed of a series of reactions, can help to achieve to split water at lower temperatures 
since the required temperature to directly split water into hydrogen and oxygen is too 
high to be practical (Serban et al., 2009).  Very few of those thermochemical cycles have 
progressed beyond theoretical calculations to working experimental demonstrations, due 
to economic reasons. After considering several factors like availability and abundance of 
materials, simplicity, chemical viability, thermodynamic feasibility and safety issues, 
eight cycles were identified as of possible commercial significance: sulphur-iodine (S-I), 
copper-chlorine (Cu-Cl), cerium-chlorine (Ce-Cl), iron-chlorine (Fe-Cl), magnesium-
iodine (Mg-I), vanadium-chlorine (V-Cl), copper-sulfate (Cu-SO4) and hybrid chlorine 
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(Naterer et al., 2008). Among them, S-I cycle and Cu-Cl cycle can be considered as the 
most promising options. 
 
Sulphur-iodine and copper chlorine thermochemical cycles are compared by Wang et al. 
(2010) from the perspectives of heat quantity, heat grade, thermal efficiency, related 
engineering challenges, and hydrogen production methods. The heat quantity and grade 
required are calculated for each step. Heat requirements were the basis to evaluate 
thermal efficiencies. Results showed that the same efficiency as S-I cycle can be obtained 
by using Cu-Cl cycle with a lower grade heat. Overall efficiencies of the cycles are 
calculated in the range of 37% - 54% depending on the heat recovery of the systems. 
While maximum required temperature for the Cu-Cl cycle is 803 K, a maximum 
temperature of 1123 K is required for S-I cycle, which indicates that Cu-Cl can be linked 
with a variety of heat sources. Moreover, it is found that there can be fewer challenges of 
equipment materials and product separation for Cu-Cl cycle. Cost analysis showed that 
both cycles have similar production cost which is much less than conventional methods, 
such as steam reforming, conventional and high temperature electrolysis. 
 
3.1.4.1 S-I Cycle 
Many institutions, including the Japan Atomic Energy Agency (JAEA) (Kubo et al., 
2004), General Atomics (GA) (Schultz, 2003), CEA (France) (Anzieu et al., 2006) and 
Sandia National Laboratory (SNL) (Moore, 2007), are actively investigating the S-I 
cycle. Moreover, GA has a plant with a capacity of 2 kg hydrogen per day under 
development. The three-step S-I cycle is the most common one, although there are other 
types of S-I cycles are available. Simplified S-I cycle diagram is shown in Figure 3.3 and 
steps of S-I cycle are as followings: 
 
• Step 1: Hydrolysis step (exothermic), at 393 K, 
I2(l+g) + SO2(g) +2H2O(g) → 2HI(g) + H2SO4(l)   (3.1) 
• Step 2: Oxygen production step (endothermic), at 1123 K,  
H2SO4(g) → SO2(g) + 0.5O2(g) + H2O(g)     (3.2) 
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• Step 3: Hydrogen production step (endothermic), 723 K, 
2HI(g) → I2(g) + H2(g)           (3.3) 
 
The first step is an exothermic hydrolysis step which occurs at 393 K. Endothermic 
oxygen production step is the second step that occurs over 1100 K and the final step is the 
hydrogen production step which is an endothermic reaction and occurs around 700 K 




Steps Chemical Reactions 
Step 1 H2SO4 → H2O + SO2 + ½ O2 
Step 2 I2 + SO2 + 2H2O → 2HI + H2SO4 
Step 3 2HI → H2 + I2 
Figure 3.3: The S-I thermochemical cycle for H2 production (modified from Orhan et al., 
2009).  
 
Prossini et al. (2009) studied a modified S-I cycle for efficient solar based hydrogen 
production. The cycle efficiency was increased by replacing the distillation of the iodine 
phase with the evaporation of the excess of water and iodine, to decrease the energy 
demand. The distillation obtained by neutralizing the hydrogen iodide in the iodine phase 
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with nickel oxide. By evaporation leaving nickel oxide as solid phase, water and iodine 
can be simply recovered. Then, the nickel iodide is decomposed in order to get nickel 
metal, and by reaction of the metal with sulphuric acid, hydrogen is produced. Finally, 
energy balance was applied to system, and results showed that the thermal efficiency of 
the system was 20% without heat recovery, whereas the efficiency is conventional S-I 
cycle without heat recovery was estimated to be around 6.4%. 
 
3.1.4.2 Cu-Cl Cycle 
AECL has identified the copper-chlorine (Cu-Cl) as the most promising cycle for 
thermochemical hydrogen production with the next generation of CANDU SCWR due to 
its lower operating temperatures and potentially lower cost materials for hydrogen 
production (Rosen et al., 2010). UOIT, AECL, Argonne National Laboratory in USA and 
partner institutions are collaborating to scale up this technology to industrial capacities of 
hydrogen production with Cu-Cl cycle (Naterer et al., 2009). 
 
The two-, three-, four-, five-step of Cu-Cl cycles are available in the literature. Detailed 
information about these steps together with schematics and explanations will be given in 
the system description chapter. 
  
There are several recent studies on Cu-Cl cycle, and some of them are presented in this 
chapter. Orhan et al. (2008, 2009) presented studies on thermodynamic analysis, i.e. 
exergy and energy analysis, of each step, which are hydrogen production, copper 
production, drying, HCl production and oxygen production steps, of Cu-Cl cycle. For 
each step, exergetic efficiencies and exergy destructions due to irreversibilities had been 
calculated and characterized. Exergetic efficiencies of those steps were found to be 76%, 



















Figure 3.4: The five-step Cu-Cl thermochemical cycle for H2 (Orhan et al., 2008) 
 
Wang et al. (2008) studied design issues associated with reactor scale-up in the 
thermochemical Cu-Cl cycle. The emphasis of study was focused on hydrolysis, 
hydrogen and oxygen reactors. HCl gas absorption tower and a sendimentation cell for 
copper separation were discussed for hydrogen reactor. Scale-up design issues with 
molten salt reactor for handling of three phase material, including copper oxychloride 
particles (solid),  molten salt (liquid) and oxygen (gas) were discussed. Moreover, 
different variations of hydrolysis reactor for the two-, three-, five-step Cu-Cl cycles are 
discussed. 
 
Naterer et al. (2009) presented a study of recent Canadian advances in nuclear-based 
hydrogen production and the thermochemical Cu-Cl cycle. This study investigated recent 
development with aspects of individual process and reactor developments within the Cu-
Cl cycle, the thermochemical properties, advanced materials, controls, safety, reliability, 
economic analysis of electrolysis at off-peak hours, and integration of hydrogen plants 




Rosen et al. (2010) studied issues related to equipment scale-up and process simulation. 
The study basically outlines the challenges and the design issues of hydrogen production 
with the Cu-Cl cycle. Aspen Plus® software was used to simulate the system in order to 
find the efficiencies. The total heat requirement to produce 1 mol of hydrogen using the 
Cu-Cl cycle was calculated as 543.7 kJ and the energy efficiency was determined as 
52.57%. 
 
Daggupati et al. (2010) examines cupric chloride solid conversion in the hydrolysis step 
of the Cu-Cl cycle, which a challenging step due to the excess steam requirement and 
decomposition of cupric chloride into cuprous chloride and chlorine. It was found that the 
hydrolysis reaction is dependent on pressure, temperature, steam mole ratio, and inert gas 
composition for higher conversion of solids. Moreover, higher temperature will raise the 
decomposition of solid and chlorine formation. 
 
3.2 Life Cycle Assessment 
Life cycle analyses of several hydrogen production methods have been reported in the 
literature. Dufour et al. (2009) investigated four systems from an environmental point of 
view. The first and reference system is natural gas steam reforming, the second system 
consists on the coupling of the reference system with CO2 capture, thermal cracking is the 
third system and the final system is based on the autocatalytic decomposition of natural 
gas. The results show that autocatalytic decomposition with a total conversion is the most 
environmentally benign process. Moreover, steam reforming of natural gas with CO2 
capture and storage leads to lower global warming potential but higher general 
environmental impact, as calculated with the Eco-indicator method, than conventional 
steam methane reforming without CO2 capture. 
 
Koroneos et al. (2008) compared two biomass-to-hydrogen systems: biomass gasification 
by reforming of the syngas and gasification followed by electricity generation and 
electrolysis. Two biomass systems described and analyzed. Environmental impacts in 
terms of GWP, AP, and EP are calculated. Moreover, weighting using Eco-indicator 95 
method is also applied to compare the overall negative effect to environment. While 
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gasification to electrolysis system has greater eutrophication effect, biomass gasification 
by reforming of syngas has higher environmental impacts in terms of GWP and AP. In 
addition, weighting results demonstrate that the biomass-gasification-electricity-
electrolysis route has better environmental performance than the one with reforming of 
the syngas.  
 
Spath et al. presented two reports for the National Renewable Energy Laboratory (NREL) 
related to life cycle assessments of hydrogen production via natural gas steam reforming 
and via wind/electrolysis (Spath et al., 2001, 2004). The first report presents the 
environmental impacts of hydrogen production via natural gas steam reforming. The size 
of hydrogen plant was set to be 1.5 million Nm3/day. The results are given in term of air 
emissions and GHGs emissions. GWP of the system is calculated to be11,888 g CO2 eq 
per kg hydrogen produced. Water emissions and sensitivity results are also available in 
the paper (Spath et al., 2001). 
 
The second report investigates the environmental impacts of hydrogen production based 
on wind power. Three wind turbines, each has 50 kW capacity, are incorporated to the 
system which has a hydrogen production capacity of 100 kg per week. LCA results 
indicate that GWP of hydrogen production is 970 g CO2 eq and system energy 
consumption is 9.1 MJ per kg hydrogen produced. Sensitivity analysis is also conducted 
in the paper (Spath et al., 2004). 
 
Djamo et al. (2008) suggested that potato steam peels can be used as feedstock to 
produce hydrogen through fermentation process and conducted LCA of this process. 
IMPACT 2002+ method used in LCIA phase. Results show that the two-stage bioreactor, 
which is used for hydrogen production, is observed to emit between 1000-1500 g of CO2 
per kg of hydrogen produced. The study also claims that hydrogen production using 
potato steam peels offers clear advantages; which are reduction of GHGs emissions, 
savings of non-renewable resources and reduction of human health impacts; over a direct 




Marquevich et al. (2002) conducted a life cycle inventory analysis to assess the 
environmental load, specifically GWP, associated to the production of hydrogen by steam 
reforming of hydrogen feedstocks (methane and naphtha) and vegetable oils (rapeseed 
oil, soybean oil and palm oil). While GWP of hydrogen produced by rapeseed oil, palm 
oil and soybean oil are found as 6.42, 4.32 and 3.30 kg CO2 eq per kg hydrogen produced 
respectively, the GWPs associated with the production of hydrogen by steam reforming 
are 9.71 and 9.46 kg CO2 eq per kg hydrogen produced. Thus, GWP may be reduced by 
60% if natural gas and naphtha are replaced by vegetable oils. 
 
Koroneos et al. (2004) studied a comparative LCA to investigate environmental impacts 
of natural gas steam reforming and hydrogen production based on renewable energy 
sources. The fuel systems that are used for the analysis are the followings: 
 
A. Fuels produced from conventional sources: 
1. Hydrogen produced from steam reforming of natural gas. 
B. Hydrogen produced from renewable energy sources: 
2. From solar energy using photovoltaics for direct conversion   
3. From solar thermal energy. 
4. From wind power. 
5. From hydro power. 
6. From biomass. 
 
LCIA conducted by using CML 2001 impact categories and Eco-indicator 95 methods. 
Total impact scores show that the use of wind, hydropower and solar thermal energy are 
demonstrated to be the most environmentally benign methods. In terms of GWP, 
hydrogen production using wind power has the lowest impact while hydrogen from steam 
reforming of natural gas has the highest CO2 eq emissions.  
 
Lastly, Utgikar et al. (2006) have performed a life cycle assessment of high temperature 
electrolysis for hydrogen production via nuclear energy, which offers an advantage of 
higher efficiency over the low-temperature alkaline electrolysis due to reduced cell 
31 
 
potential and consequent electrical energy requirements. The results are presented in 
terms of the GWP and AP. The system has a GWP of 2000 g CO2 eq and AP of 0.15 g 
hydrogen ion equivalent per kg of hydrogen produced. The environmental impact of the 
system is also compared with natural gas steam reforming and wind, solar photovoltaic, 
solar thermal, hydroelectric and biomass based electrolysis. The comparative results 
indicate that emissions of the high temperature water vapour electrolysis process are 
much lower than the conventional natural gas steam reforming and are comparable with 
the emissions of hydrogen production using renewable based electrolysis. 
 
3.3 Life Cycle Assessment of Nuclear-Based Hydrogen Production via 
Thermochemical Water Splitting 
Solli et al. (2006) presented a comparative hybrid life cycle assessment to evaluate and 
compare environmental impacts of two hydrogen production methods: nuclear assisted 
thermochemical water splitting using the S-I cycle and natural gas steam reforming with 
CO2 sequestration. An overall winner cannot be claimed, since a weighting method has 
not been applied. The results show that thermochemical water splitting has lower 
environmental impacts in terms of global warming potential, acidification and 
eutrophication, and much higher impacts in terms of radiation and human toxicity. While 
GWP of hydrogen production via natural gas steam reforming is 4 21.3 10  kg CO×  eq, 
GWP of hydrogen production using thermochemical water splitting via S-I cycle is 
3
22.9 10  kg CO×  eq for the production of 1 TJ (HHV) hydrogen. 
 
Utgikar et al. (2006) studied a LCA of a system which utilizes nuclear energy to drive the 
ISPRA Mark 9 thermochemical cycle. ISPRA MARK 9 is a three-step thermochemical 
cycle involving iron chlorides. The results, which are presented in terms of greenhouse 
gases and acid gases, show that gas emissions from the system are 2515 g CO2 eq and 
11.252 g SO2 eq per kg hydrogen produced.  
 
Lubis et al. (2010) presented a preliminary LCA study for hydrogen production using 
nuclear energy. The system used in this paper is nuclear based hydrogen production using 
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Cu-Cl thermochemical cycle. Results are presented in terms of CML 2001 impact 
categories and show that GWP of the system for the entire life time of the plant found as 
0.0025 g CO2 eq. Moreover, major contributors to GWP are stated as construction of 






 SYSTEM DESCRIPTIONS 
 
Nuclear-based hydrogen production via thermochemical water splitting using the Cu-Cl 
cycle is a promising alternative. This chapter presents the sub-systems which ultimately 
form the entire system. The data used in this chapter are obtained from literature (Wang 
et al., 2010; Chukwu, 2008); calculations are also assessed to normalize the data to the 
systems. Nuclear-based hydrogen production system can be divided into three main 
subsystems: 
 
• Fuel (uranium) cycle 
• Nuclear Plant 
• Hydrogen Plant  
 
Figure 4.1 shows the simplified overview of the system used for the LCA. The first 
process of the system is fuel process, which consists of mining, milling, conversion, 
enrichment and fuel fabrication. After fuel processing, fabricated uranium (UO2) is 
transferred to nuclear plant. In the LCA study, both construction and utilization are 
considered. The output thermal energy from the nuclear plant is the input of the hydrogen 
plant. In the figure, electrical energy from nuclear plant to hydrogen plant is not shown, 
since different scenarios may be considered regarding electrical energy distribution from 
nuclear plant. Construction and utilization are also showed in the figure to indicate that 
they are included in the LCA. The ultimate desired output from the hydrogen plant is the 
hydrogen element itself. 
 
Different types of Cu-Cl cycles for thermochemical water decomposition are proposed in 
the literature. The Cu-Cl cycles are characterized by the number of major steps and their 
types of groupings. The cycle consists of series of reactions, but the net reaction is, 
 





Figure 4.1: Simplified overview of the system used for the LCA. 
 
The Cu-Cl cycle uses a series of intermediate copper and chloride compounds. These 
chemical reactions form a closed internal loop that recycles all chemicals on a continuous 
basis, without emitting any greenhouse gases (Naterer et al., 2008). Hence, water, 
thermal energy and electricity are the only inputs to the system. Three systems, i.e. the 




4.1 Hydrogen Production Plant 
4.1.1 The Five-Step Cu-Cl Cycle 
The cycle considered here involves five main steps: (1) HCl (g) production using such 
equipment as a fluidized bed, (2) oxygen production, (3) copper (Cu) production, (4) 
drying and (5) hydrogen production. Table 4.1 describes the five steps of this copper-
chlorine cycle with chemical reactions. 
 
Table 4.1: Steps and reactions in the five-step Cu-Cl cycle for thermochemical water 
decomposition. 
Step Chemical reaction Temperature (ºC) 
1. Hydrogen production 2Cu(s) + 2HCl(g) → 2CuCl(l) + H2(g) 450 
2. Cu production 4CuCl(aq) → 2CuCl2(aq) + 2Cu(s) 25 
3. Drying 2CuCl2(aq) → 2CuCl2(s) 90 
4. HCl production 
2CuCl2(s) + H2O(g) → CuO*CuCl 2(s) + 
2HCl(g) 
450 
5. O2 production CuOCuCl2(s) → 2CuCl(l) + 1/2O2(g) 500 
Source: Wang et al., (2010). 
 
The first step of the cycle is the hydrogen production step in which solid copper particles 
coming from step 2 (Cu production) reacts with HCl which comes from step 4 (HCl 
production). Hydrogen production step is an exothermic reaction which occurs at a 
temperature of 450 ºC. The products are hydrogen gas which is the desired output, and 
CuCl. The second step is the copper production step in which copper is produced from 
molten CuCl. Reaction temperature for this step is as low as around 25 ºC. Moreover, this 
reaction requires electrical energy. While product copper moves to hydrogen production 
step, the other product CuCl2 is transferred to third step (drying). In the drying step, the 
molten CuCl2 is dried to solid CuCl2 which is used in step 4 (HCl production). CuCl2 
reacts with water in this step to produce HCl and CuOCuCl2 at a temperature around 450 
ºC in a fluidizied bed. In the O2 production step, oxygen and CuCl are produced by 
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splitting of CuOCuCl2. The O2 production is the final step of the cycle, conceptual 
schematic of the Cu-Cl cycle can be seen in Figure 4.2. Since the reaction temperatures 
are not the same for each step, heat exchangers are utilized prior to each reaction to 
obtain the required temperature. 
.  
 
Figure 4.2: Conceptual schematic of the Cu-Cl cycle (Wang et al., 2008). 
 
Wang et al. (2010) calculated the heat requirement in each step, which is presented in 
Table 4.2. Results of the study are used to calculate thermal energy requirement of the 
system. As it is clearly seen from the table, required heat input to the system is 554.7 
kJ/mol H2 and total heat output of the system was calculated as 232 kJ/mol H2. Assuming 
only low grade heat, i.e. 163.3 kJ/mol H2 is recovered (so, 70% heat recovery assumed), 
thermal energy requirement of the system becomes 391.4 kJ/mol H2. Electrical energy 
required for copper production step is calculated as 62.6 kJ/mol H2. Moreover, 38 kJ/mol 
H2 of work can be assumed as the input of the auxiliary equipment (Rosen et al., 2010). 
Hence, the net energy requirement of the system is found as 492 kJ/mol H2. 
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2Cu(s) + 2HCl(g) = 2CuCl(l) + H2(g) 
Hydrogen production step 
Vaporizing moisture from Cu(s) 
Heating Cu(s) 
Heating HCl(g) 
Heat of reaction 
Cooling & solidification of molten CuCl 



























II 4CuCl(aq) = 2CuCl2(aq) + 2Cu(s)  
Electrolysis step in HCl solution  
 







  62.6  (Electrical Energy) 
 III 2CuCl2(aq) → 2CuCl2(s)  
Drying step 
Vaporizing water from CuCl2 precipitate 






















 IV 2CuCl2 (s) + H2O(g) = CuOCuCl2 (s) + 2HCI(g) 
Hydrolysis step 
Heating CuCl2 (s) 
Heat of reaction 
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    3.4 
 V CuOCuCl2 (s) → 2CuCl(l) + 1/2O2 (g)  
Oxygen production step 
Heating CuOCuCl2 (s) 
Heat of reaction  
Cooling & solidification of molten CuCl 









   20.2 









Sum                                                                               kJ/molH2        554.7          163.3        232 
Source: Wang et al., (2010). 
 
To calculate the thermal and total energy requirement of the system per kg hydrogen 
produced, the calculated values have to be modified by using molar mass of H2 (2g/mol) 
as follows: 
 
The total thermal energy requirement of the five-step Cu-Cl cycle is calculated as 
2 2
kJ 1 1000g MJ 391.4  195.7 gmol H kg kg H2 mol
= =
 








In addition, using stoichiometric calculations and molar masses, input water (H2O) and 
output oxygen (O2) can be determined. In order to obtain one kg of H2, i.e. 500 moles of 
H2, 500 moles of H2O must be input and 250 moles of O2 must be output of the system. 
Multiplying with their molar masses, nine kg of water as the input and eight kg of oxygen 
as output are calculated. The overall input/output of hydrogen plant using the five-step 
Cu-Cl cycle is presented in Table 4.3. To sum up, the inputs to the hydrogen plant are 
195.7 MJ thermal energy, 50.3MJ electrical energy, and nine kg of water. The outputs of 
the five-step Cu-Cl cycle are eight kg oxygen and one kg hydrogen. 
 
Table 4.3: Overall input/output of hydrogen plant using the five-step Cu-Cl cycle. 
 
 
 4.1.2 The Four-step Cu-Cl Cycle 
The four-step copper-chlorine cycle combines step 2 and step 3 in the Table 4.1 to reduce 
complexity via the use less equipment. The rest of the steps remain the same as seen in 
Table 4.4. 
 
Chukwu (2008) calculated the energy requirements for the four-step copper chlorine 
cycle. Results of the study are also utilized to calculate thermal energy requirement of the 
four-step Cu-Cl cycle. Total heat released by exothermic reactions was calculated as 
290.1 kJ/mol H2. Since, in some of the reactions, heat has a low quality and temperature, 
a heat exchanger effectiveness of 70% was assumed. Using this assumption, total heat 
recovered is 203.1 kJ/mol H2. Moreover, the total heat required for endothermic reactions 
Input Output 












195.7 50.3 9 8 1 
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is 525.2 kJ/mol H2. Hence, the net thermal energy required for the reactions is 322.1 
kJ/mol H2. 
 
Table 4.4: Steps and reactions in the four-step Cu-Cl cycle for thermochemical water 
decomposition. 
Step Chemical reaction Temperature (ºC) 
1. Hydrogen production 2Cu(s) + 2HCl(g) → 2CuCl(l) + H2(g) 450 
2. Combined step 4CuCl(aq) → 2CuCl2(s)+ 2Cu(s) 25-90 
3. HCl production 
2CuCl2(s) + H2O(g) → CuO*CuCl2(s) + 
2HCl(g) 
450 
4. O2 production CuO*CuCl2(s) → 2CuCl(l) + 1/2O2(g) 500 
Source: Chukwu (2008). 
 
Electrolytic power requirement used for electrolysis is calculated using the expression: 
 
G n F E∆ = − × ×                                                                                                         (4.2) 
 
Where F denotes Faraday’s constant, i.e. 96485, E is the cell potential and n the number 
of transferred electrons. By using equation 4.2 and assuming of 50% conversion 
efficiency from heat to electricity, the electrochemical energy requirement for this 
step was found as 192.6 kJ/mol H2. For the analysis used in this thesis, this assumption 
is not used and the energy needed for the electrolysis step is taken as 96.3 kJ/mol H2. The 
required work for auxiliary equipments, including pumps, compressors, etc., is again 
assumed as 38 kJ/mol H2. Hence, similar to calculations in the five-step Cu-Cl, 
 
The total thermal energy requirement of the four-step Cu-Cl cycle is calculated as 
2 2












Table 4.5, which is the summary of this section, shows that thermal energy requirement 
of the four-step is lower than the five-step cycle. To sum up, the inputs to the hydrogen 
plant are 161.05 MJ thermal energy, 67.15 MJ electrical energy, and nine kg of water. 
The outputs of the four-step Cu-Cl cycle are eight kg oxygen and one kg hydrogen. 
 
 















161.05 67.15 9 8 1 
 
4.1.3 The Three-step Cu-Cl Cycle 
In the three-step Cu-Cl cycle hydrogen production step (step 1 in Table 4.4) and 
combined step (step 2 in Table 4.4) are combined. Hence, new reactions are as shown in 
Table 4.6. 
 
Table 4.6: Steps and reactions in the three-step Cu-Cl cycle for thermochemical water 
decomposition. 
Step Chemical reaction Temperature (ºC) 
1. Combined Step 
2CuCl(l) + 2HCl(g) → 2CuCl(l) + 
2CuCl2(s) + H2(g) 
100 
3. HCl production 
2CuCl2(s) + H2O(g) → CuO*CuCl 2(s) + 
2HCl(g) 
430 
4. O2 production CuO*CuCl2(s) → 2CuCl(l) + 1/2O2(g) 550 




The study of Chukwu (2008) is also used for the calculations of the three-step Cu-Cl 
cycle. Conducting similar analysis, the net thermal het required is found as 365.48 kJ/mol 
H2. The electric power needed for electrolysis and auxiliary equipments are again 96.3 
kJ/mol H2 and 38 kJ/mol H2, respectively. Hence, 
 
The total thermal energy requirement of the three-step Cu-Cl cycle is calculated as 
2 2





The total electrical power requirement of the three-step Cu-Cl cycle is: 
2 2
kJ 1 1000g MJ(96.3 38) 67.15 gmol H kg kg H2 mol
= + =  
To sum up, the inputs to the hydrogen plant are 182.74 MJ thermal energy, 67.15 MJ 
electrical energy, and nine kg of water. The outputs of the four-step Cu-Cl cycle are eight 
kg oxygen and one kg hydrogen which can be seen in Table 4.7. 
 
















182.74 67.15 9 8 1 
 
4.2 Nuclear Plant 
A Generation IV SCWR nuclear reactor is being designed by AECL to link with 
hydrogen plant using the Cu-Cl cycle. This reactor will operate at higher temperatures so; 
it can facilitate co-generation of electricity and hydrogen (Naterer et al., 2010). 
 





• The thermal efficiency of current nuclear power plants is expected to increase 
from 30-35% to approximately 45-50%. 
• Electrical-energy costs are expected to decrease by reducing capital and 
operational costs ($1000/kW or even less, Pioro et al., 2008). 
• SCWRs are expected to operate with much higher operating temperatures and 
pressures than conventional nuclear power plants, i.e. steam pressure about 25 
MPa and steam outlet temperatures up to  625 ºC (see Figure 4.3) 
• SCWRs are expected to have a simplified flow circuits in which some 
components will be eliminated, such as steam generators, steam dryers, steam 
separators, etc.  
 
Figure 4.3 shows operating temperature of water for SCWR and some other types of 
nuclear reactors. As it is seen SCWRs can work at higher temperatures and pressures 
compared to conventional reactors. 
 
Figure 4.3: Pressure-Temperature diagram of water for typical operating conditions of 
SCWRs, PWRs, CANDU-6 reactors and BWRs (Pioro et al., 2008). 
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Table 4.8: Modern concepts of pressure-channel SCW reactors.  
Parameters Unit CANDU ChUWR KP-SKD 
Country – Canada Russia (RDIPE) 
Spectrum – Thermal Thermal Fast Thermal 
Power Output MW 1220 1200 1200 850 
Thermal Eff. % 48 44 43 42 
Pressure MPa 25 24.5 25 25 
Tcoolant °C 350 – 625 270 – 545 400 – 550 270 – 545 
Flow rate kg/s 1320 1020 – 922 
Core H/D m/m -/4 6/12 3.5/11 5/6.5 
Fuel – UO2/Th UCG MOX UO2 
Enrichment %.wt. 4 4.4 – 6 
Tmax cladding °C 850 630 650 700 
Moderator – D2O Graphite – D2O 
Source: Pioro et al., (2007). 
 
Operating parameters of SCW reactor of Generation IV plant is presented in Table 4.8. 
As it can be seen from the table, UO2 or Th will be used as fuel. In this particular case, 
UO2 is selected as fuel which is enriched 4% (Table 4.8). SCW reactor with single-reheat 
system will be used for the analysis. Electric power output of the system is 1200 MW and 
waste heat (Qloss) which will be used for the hydrogen plant is 1500 MW. From nuclear 
plant to hydrogen plant 50% loss is assumed, so heat transfer from nuclear plant to 
hydrogen plant is 750 MW (Pioro et al., 2007). Hence,  
 






= = =        (4.3) 
 











The calculations will be based on thermal energy requirement of the Cu-Cl cycles; the 
electricity power output of the system will be used for electric power requirements of the 
hydrogen plant and others (power needed in the production of heavy water, mining of 
uranium, etc.). 
 
The quantity of uranium to obtain required thermal energy can be calculated using the 






=                                                                                                               (4.5) 
 
where mu is the mass of uranium fuel required, Q is heat produced, and Bd is the 
discharge burn-up.  Here Q must be the total heat produced by the nuclear plant, which is 
thermal energy (Qth) plus electrical work (Wel).  The discharge burn-up for UO2 is 20000 
MWd/te U (484.375 MWh/kg) (Pioro et al., 2007), which is equal to 1743.75 GJ/kg U. 
Applying equation 4.4, uranium needed for nuclear plant linked with the five- ,four- and 
three-step Cu-Cl cycle can be calculated.  
 
The five-step Cu-Cl cycle needs 195.7 MJ thermal energy (Table 4.3). Thus, equation 4.5 
gives us that uranium required to get 195.7 MJ ×  3.6 (From equation 4.4 to obtain total 
heat output of the nuclear plant) thermal energy is 4.04×10-4 kg. When the input is 4.04×
10-4 kg for the nuclear plant, the electrical work output can be calculated using electricity 
to thermal output ratio, i.e. 1.6 (equation 4.3). Hence, multiplying 195.7 MJ with 1.6 
gives 313.12 MJ electrical work. The overall input and outputs of the nuclear plant linked 




















4.040E-04 313.12 195.7 195.7 
 
The four-step Cu-Cl cycle needs 161.05 MJ thermal energy (Table 4.3). Thus, equation 
4.5 gives us that uranium required to get 161.05 MJ ×  3.6 thermal energy is 3.32×10-4 
kg. When the input is 3.32×10-4 kg for the nuclear plant, the electrical work output can be 
calculated using electricity to thermal output ratio, i.e. 1.6 (equation 4.3). Hence, 
multiplying 195.7 MJ with 1.6 gives 257.68 MJ electrical work. The overall input and 
outputs of the nuclear plant linked with the four-step cycle are shown in Table 4.10. 
 











3.325E-04 257.68 161.05 161.05 
 
The three-step Cu-Cl cycle needs 182.74 MJ thermal energy (Table 4.3). Thus, equation 
4.5 gives us that uranium required to get 182.74 MJ ×  3.6 thermal energy is 3.77×10-4 
kg. When the input is 3.77×10-4 kg for the nuclear plant, the electrical work output can 
be calculated using electricity to thermal output ratio, i.e. 1.6 (equation 4.3). Hence, 
multiplying 182.74 MJ with 1.6 gives 292.38 MJ electrical work. The overall input and 



















3.773E-04 292.384 182.74 182.74 
 
4.3 Fuel (Uranium) Cycle 
Fuel cycle is composed of five main steps, which are mining, milling, conversion, 
enrichment and fuel fabrication. Figure 4.4 shows the fuel cycle. Firstly, uranium ore is 
obtained from nature through mining stage, and then uranium is concentrated in the form 
of U3O8 in milling stage. Conversion from U3O8 to the form UF6 occurs in the conversion 
stage. Enrichment, which brings concentration of the fissile isotope U-235 to a desired 
level, is need for the SCWR as 4% (Table 4.8). In the final stage, i.e. fuel production, the 





Mining is the first step of the fuel cycle. The fissile isotope U-235 of uranium is only 
present in a concentration of 0.71% and uranium is located in ore with other minerals 
(Solli, 2004). Uranium is mined in three ways: 
 
• Underground mining (UGM) 
• Open pit mining (OPM) 
 Fuel fabrication 
(U fuel enriched) 
 Mining  
(U ore) 
 Mining  
(U3O8) 
 Conversion  
(UF6) 
 Enrichment  
(UF6 enriched) 
Figure 4.4: Fuel cycle. 
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• In-situ leaching (ISL) 
 
While UGM and OPM are traditional methods, ISL, a method in which an acid solution 
is injected in the soil in order to dissolve the uranium that can be extracted afterwards, is 
becoming more frequently used (Beerten et al., 2009). In the analysis, it is assumed that 
50% of the uranium is mined using UGM and the remaining 50% mined using OPM. 
 
4.3.2 Milling 
Following extraction from the ground, the raw ore is milled where a series of process 
applied to raw ore to produce uranium peroxide. These processes are mechanical 
crushing, leaching which is dissolving the uranium in presence of an alkali or acid, solid-
liquid separation, purification which is precipitation and redissolving, and the final 
process is concentrate production which includes precipitation, filtration, drying and 
packing. In order to avoid having to transport large amount of uranium ore, uranium 
milling is usually performed close to the mine site (Solli, 2004) (Lenzen, 2008). 
 
During analysis mill tailings have to be considered, since after their disposal tailings 
continue to exhale radon gas for thousands of year (Solli, 2004). Hence in the analysis, 
the input uranium is taken as double in mass of the output uranium. Radon gas emission 
is also taken into considerations. 
 
4.3.3 Conversion 
In order to enrich the uranium, it is converted to into gaseous uranium hexafluoride 
(UF6). First step of the conversion is purifying and reducing U3O8 to uranium dioxide 
(UO2). Then, it is reacted with hydrogen fluoride (HF) to form uranium tetrafluoride 
(UF4), which is combined with gaseous fluorine to UF6 in a fluidised bed reactor 





Enrichment is the fourth step of the fuel chain which increases the concentration of U-
235 to desired level, For SCWR; the desired level is 4%. There exist several enrichment 
methods, which are gaseous diffusion, gas centrifuge, electromagnetic isotope separation, 
aerodynamic (jet nozzle) method and laser method (Lenzen, 2008). 
 
In enrichment stage, the amount of natural uranium required to enrich the fuel can be 
found using following equation; 
 







                                                                                (4.5) 
 
Here, xn is the natural enrichment of 0.71%, xp is the enrichment level to produce one kg 
enriched uranium and xt is the tailings enrichment which is assumed to be 0.3% U-235. 
The tailings are called depleted uranium which is resulting from the process.  Hence, for 
an enrichment of 4%, the natural uranium as input of the enrichment stage has to be, 
 





         (4.6) 
 
Thus, 9.02 kg natural uranium is required to produce 1 kg of enriched uranium.  
 
4.3.5 Fuel Fabrication 
Fuel fabrication is the last stage where UF6 is converted into UO2 and fuels rods are 
manufactured to use in a nuclear reactor. Table 4.12 shows the input uranium 
requirements of all stages in fuel cycle for systems which are working with the three-, 
four- and five-step Cu-Cl cycles. The uranium requirement for each cycle is calculated 
using equation 4.5 and presented in Table 4.12 (Fuel fabrication). To calculate the 
uranium requirement for the input of the enrichment stage, the information in section 
4.3.4 is used which tells that 9.02 kg uranium is needed to produce one kg 4% enriched 
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uranium. Moreover, information in section 4.3.2 is used to calculate the input uranium as 
input to the milling stage. 
 
Table 4.12: Uranium requirements of all stages of uranium fuel cycle.  
Fuel 
Cycle Stages 













Mining 6.81E-03 6.81E-03 6.00E-03 6.00E-03 7.29E-03 7.29E-03 
Milling  6.81E-03 3.40E-03 6.00E-03 3.00E-03 7.29E-03 3.64E-03 
Conversion 3.40E-03 3.40E-03 3.00E-03 3.00E-03 3.64E-03 3.64E-03 
Enrichment 3.40E-03 3.77E-04 3.00E-03 3.33E-04 3.64E-03 4.04E-04 
Fuel 
Production 




LIFE CYCLE ANALYSIS 
 
The LCA utilized considering three systems, which are nuclear based hydrogen 
production using the three-, four-, five-step Cu-Cl cycle. The functional unit used in the 
analysis which is required for the goal and scope definition is one kg hydrogen produced. 
So, all calculations will be based on one kg hydrogen production. The data from previous 
chapter is also used in the analysis. Moreover, the data is obtained from literature for 
some of the inputs and outputs for the processes. This chapter provides the inventory data 
which is overall inputs and outputs of all steps. LCA software, GaBi 4 is used to conduct 
LCIA. Hence, the overall system, including all stages has been modelled using GaBi 4.  
 
The data, which is obtained from the previous chapter and calculated for the reference 
case, is utilized to perform the primary calculation. Besides the reference case, a 
parametric study is also conducted to see environmental impacts for different scenarios. 
The parameters and assumptions for the reference case are: 
 
• Total life time of system (TLS) which is 60 years for the reference case (Solli, 
2004). 
• Hydrogen production capacity of the system (HPC) is defined as 125000 kg 
(Wang, 2010). 
• Heat recovery percentage in Cu-Cl from exothermic reactions (hrp) is assumed as 
70% (Chukwu, 2008). 
• Thermal output efficiency of nuclear plant (ηth,nuc) is assumed as 50% (Pioro, 
2010). 
 
Using these primary parameters, energy requirement of the hydrogen cycle, nuclear 
output energies (using proportionality from SCWR information as in equations 4.3 and 
4.4), uranium requirement for each cycle and each case can be calculated as follows: 











                                                                                                                (5.1) 
where ,exo cycQ  is the total heat released by exothermic reactions and ,rec cycQ  is the heat 
recovered from these exothermic reactions. 
 
Heat requirement of Cu-Cl cycle can be defined as follows: 
, , ,th cyc endo cyc exo cycQ Q hrp Q= − ×                                                                                (5.2) 
where ,endo cycQ  is the reaction heat for endothermic reactions in the cycle. Therefore; 













                                                                                                       (5.3)                
where 
2H
LHV is lower heating value of hydrogen, which is equal to120 MJ/kg and ,el cycW  
is electrical energy needed by the cycle. 
 
Heat requirement of the Cu-Cl cycle is also the same as the thermal output of the nuclear 
energy. Thus; 
, ,th nuc th cycQ Q=                                                                                                                   (5.4) 
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W =                                                                                                           (5.6) 
 






















Q =                                                                                                          (5.8) 
 
Finally, uranium requirement is calculated using substituting equations 5.2, 5.4 and 5.8 to 
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where Bd  is defined as discharge burn-up and equals to 1743.75 GJ/kg U. 
 
Inventory presented in this chapter and primary results calculated in chapter 6 are given 
according to reference case. However, results of parametric studies are also provided in 
chapters 6 and 7. 
 
5.1 LCA of Fuel Cycle 
As stated in the previous chapter, fuel cycle is composed of the five main steps, which are 
mining, milling, conversion, enrichment and fuel fabrication. The required data in each 
step is obtained from study of Lubis et al. (2010) and Solli (2004), and has been 




The overall inputs and outputs of the mining stage of fuel cycle are given in Table 5.1. As 
mentioned in section 4.3.1 half of the uranium is mined using OPM and half is mined 
using UGM. As it is seen from the table that approximately 0.25 MJ of electricity and 
fuel which have a heat capacity of 0.057 MJ are required to mine uranium which 




Table 5.1: Inputs/outputs of uranium mining. 
Input 5 step Cu-Cl cycle 
4 step Cu-Cl 
cycle 
3 step Cu-Cl 
cycle 
Uranium (open mine) (kg) 3.64E-03 3.00E-03 3.40E-03 
Uranium         
(underground mine) (kg) 
3.64E-03 3.00E-03 3.40E-03 
Electricity (MJ) 2.68E-01 2.21E-01 2.51E-01 
Equipment Fuel (MJ) 6.24E-02 5.13E-02 5.82E-02 
Environmental Resources Used 
Water (m3) 1.55E-05 1.28E-05 1.45E-05 
Land (m2) 1.14E-03 9.35E-04 1.06E-03 
Output 
Uranium Ore (kg) 7.29E-03 6.00E-03 6.81E-03 
 
Once inventory data is obtained, the process is modelled using GaBi4. Figure 5.1 shows 
the model of mining using GaBi 4. Due to the lack of Canadian data for power and fuel 
oil processes in the database of the software, US data is utilized in the analysis. 
 
5.1.2 Milling 
The data of overall inputs and outputs of milling stage is presented in Table 5.2. Similar 
to mining, electricity and fuel for heating are needed to mill the uranium. Not only the 
energy but also various natural resources are required such as land and water for this 
process. As previously explained in section 4.3.2, mill tailings are coming out after the 
milling process which can be seen from the table output part. Radionuclide emissions 
from the tailings are presented in Table 5.3 which is considered as an output of the 





Figure 4.1: Mining model  
 
.   
 
Table 5.2: Inputs/outputs of uranium milling. 
Input 5 step Cu-Cl cycle 
4 step Cu-Cl 
cycle 
3 step Cu-Cl 
cycle 
Uranium ore (kg) 7.29E-03 6.00E-03 6.81E-03 
Electricity (MJ) 2.99E-01 2.46E-01 2.79E-01 
Heating Fuel (MJ) 6.10E-01 5.02E-01 5.70E-01 
Environmental Resources 
Water (m3) 3.33E-03 2.74E-03 3.11E-03 
Land (m2) 5.47E-03 4.50E-03 5.11E-03 
Output  
Uranium in Milling (kg) 3.64E-03 3.00E-03 3.40E-03 
Uranium (Mill Tailings) 
(kg) 




The uranium milling process is also modelled using Gabi 4 LCA software to investigate 
the environmental impacts which is seen in Figure 5.2. Similarly, US processes, i.e. US 
diesel and US power grid mix, are used to model the uranium milling.  
 
Table 5.3: Radionuclide emissions from the tailings in the uranium milling stage. 









Figure 5.3: Milling model. 
 
5.1.3 Conversion 
Table 5.4 illustrates the overall input/output of uranium conversion. In addition, Figure 
5.4 shows the GaBi 4 model for the conversion of uranium from U3O8 to UF6. For the 
conversion of uranium, approximately 0.1 MJ of electrical energy, 0.56 MJ of natural gas 
and coal which has around 40 MJ are required. Since the processes for inputs are not 
available for Canada in the databases of GaBi 4. US processes are used as seen from 




Table 5.4: Inputs/outputs of uranium conversion. 
Input 5 step Cu-Cl cycle 
4 step Cu-Cl 
cycle 
3 step Cu-Cl 
cycle 
Uranium in Milling (kg) 3.64E-03 3.00E-03 3.40E-03 
Electricity (MJ) 1.16E-01 9.51E-02 1.08E-01 
Natural Gas (MJ) 6.05E-01 4.98E-01 5.65E-01 
Coal (MJ) 4.19E+01 3.45E+01 3.91E+01 
Environmental Resources 
Water (m3) 2.41E-03 1.99E-03 2.25E-03 
Output 
Uranium natural in UF6 
(kg) 
1.82E-03 1.50E-03 1.70E-03 
 
 
Figure 5.4: Conversion model. 
 
5.1.4 Enrichment 
Inputs and outputs of the enrichment stage, where the fissile U-235 concentration is 
increased to 4%, are listed in Table 5.5. As it is mentioned in section 4.3.4, 9.02 kg of 
natural uranium is required to produce 1 kg of enriched uranium. For example, 3.40×10-3 
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kg UF6 is needed to produce one kg hydrogen using the three-step Cu-Cl cycle, and the 
output uranium is 3.77×10-4 kg. 
 
It is seen that primary inputs that affects environment are electricity, gasoline and coal. 
To investigate their effects, the enrichment stage of the life cycle is modelled using GaBi 
4(Figure 5.5). 
 
Table 5.5: Inputs/outputs of uranium enrichment. 
Input 5 step Cu-Cl cycle 
4 step Cu-Cl 
cycle 
3 step Cu-Cl 
cycle 
Uranium natural in UF6 
(kg) 3.64E-03 3.00E-03 3.40E-03 
Electricity (MJ) 2.41E-07 1.99E-07 2.25E-07 
Gasoline (MJ) 6.13E-03 5.04E-03 5.72E-03 
Coal (MJ) 3.46E-01 2.85E-01 3.23E-01 
Environmental Resources 
Water (m3) 7.07E-03 5.82E-03 6.60E-03 
Output 
Enriched uranium (kg) 4.04E-04 3.33E-04 3.77E-04 
 
5.1.4 Fuel Fabrication 
Table 5.6 shows the inputs/outputs of fuel fabrication stage, where conversion from UF6 
to UO2 occurs. As it is seen from the table, electricity, coal and natural gas are required 





Figure 5.5 Enrichment model. 
 
Table 5.6: Inputs/outputs of fuel (uranium) fabrication. 
Input 5 step Cu-Cl cycle 
4 step Cu-Cl 
cycle 
3 step Cu-Cl 
cycle 
Enriched Uranium (kg) 4.04E-04 3.33E-04 3.77E-04 
Electricity (MJ) 1.54E-02 1.26E-02 1.43E-02 
Natural Gas (MJ) 1.17E-02 9.61E-03 1.09E-02 
Coal (MJ) 4.36E-02 3.59E-02 4.07E-02 
Environmental Resources 
Water (m3) 4.97E-05 4.09E-05 4.64E-05 
Output 






Figure 5.6: Fuel fabrication model. 
 
Figure 5.6 explains the model which is created using GaBi 4 software. As it is seen from 
the figure, hard coal natural gas and power grid mix are the inputs to the uranium 
fabrication process. 
 
5.2 LCA of Nuclear Plant 
In the analysis of nuclear plant, its construction, utilization and heavy water production 
are taken into consideration. Since there is no existing Generation IV SCWR, materials 
data for construction and utilization of the plant are taken from a Swedish study (Solli, 
2004). Furthermore, overall inputs and outputs for utilization of nuclear plant, which are 




5.2.1 Construction of Nuclear Plant 
The three systems’ (three-, four-, five-step Cu-Cl cycles) nuclear power plant 
construction materials are estimated to be the same and listed in Table 5.7. Steel and 
concrete are the materials with the greatest amount. Copper, aluminium, lead, PVC, 
spruce and titanium are the other materials used in the construction of the nuclear plant. 
 
Table 5.7: Materials used for the construction of the nuclear plant. 
Inputs (kg) 
Aluminium ingots 2.90E+04 
Concrete 5.22E+07  
Copper 4.07E+04 
Lead 6.58E+04 





Nuclear power plant 1 plant 
 
Figure 5.7 shows the model for the construction of nuclear plant. Since concrete process 
does not exist in the professional database of the GaBi 4, cement and water mixture are 
used in the analysis.  Spruce, aluminium, PVC, lead and steel are the process inputs to the 
construction stage. Different in thicknesses for the arrows indicates the amount of masses 





Figure 5.7: Construction of nuclear plant model. 
 
5.2.2 Utilization of Nuclear Plant 
Table 5.8 exhibits the material usage to meet thermal energy demand which is required to 
produce one kg of hydrogen using the Cu-Cl cycle. It also shows energy outputs of the 
nuclear plant. 
 
The model for utilization of nuclear plant can be seen in Figure 5.8. Uranium cannot be 






Figure 5.8: Utilization of nuclear plant model. 
 
Table 5.8: Inputs/outputs of nuclear plant utilization. 
Input (kg) 5 step Cu-Cl cycle 
4 step Cu-Cl 
cycle 
3 step Cu-Cl 
cycle 
Aluminium ingots 3.06E-03 2.52E-03 2.86E-03 
Copper 2.54E-02 2.09E-02 2.37E-02 
Lead 6.93E-03 5.70E-03 6.47E-03 
Polyvinylchloride (PVC) 2.54E-03 2.09E-03 2.37E-03 
Steel 9.30E-03 7.65E-03 8.68E-03 
Titanium 2.04E-04 1.68E-04 1.90E-04 
Fabrication uranium 4.04E-04 3.33E-04 3.77E-04 
Output (MJ) 
Electrical energy 3.13E+02 2.58E+02 2.92E+02 
Thermal Energy (for hydrogen 
plant) 
1.96E+02 1.61E+02 1.83E+02 






5.2.3 Heavy Water Production 
Heavy water (D2O) must be produced to operate the SCWR. Since, the SCWR use heavy 
water as the moderator. The heavy water requirement for the SCWR is 265,000 kg, and 
electricity needs to produce required deuterium is given in Table 5.16 (Pioro, 2007).  
 
Table 5.9: Inputs/outputs of deuterium production. 
Input 
Electricity (MWh) 1.76E+06 
Environmental Resources 
Water (kg) 2.65E+05 
Output 
Heavy Water (kg) 2.65E+05 
 
The model for hydrogen production and the emissions calculated using this model which 
is presented in Figure 5.9. Similar to previous processes, US power grid mix is used for 
the analysis. 
 
Figure 5.9: Heavy water production model. 
 
 
5.3 LCA of Hydrogen Plant 
Since there is no industrialized hydrogen plant in Canada which is using the Cu-Cl cycle, 
the data for the construction of hydrogen plant and materials for equipments used in the 
cycle are obtained from the study of hydrogen production using thermochemical S-I cycle 
(Solli, 2004). 
 
5.3.1 Construction of Hydrogen Plant 
The materials used in the construction of the plant are listed in Table 5.10. Steel and 
concrete are the materials with the greatest amount, as in the construction of nuclear 
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plant. Copper, aluminium, lead, PVC, spruce and titanium are the other materials used in 
the construction of the nuclear plant as well. 
 
Table 5.10: Materials used for the construction of hydrogen plant. 
Input (kg) 









Hydrogen plant 1 plant 
 
Construction model of hydrogen plant can be seen in Figure 5.10. For metals used in 
construction European databases are used. 
 




5.3.2 Utilization of Hydrogen Plant 
Material and energy inputs to utilize hydrogen plant are listed in Table 5.11. Material 
inputs are assumed to be the same for all three systems. 
 
Moreover, inventory of chemicals is listed in Table 5.12.  They are calculated by using 
their molar masses and equations in Table 4.1, 4.4 and 4.6.  
 
Table 5.12 presents the chemical requirement to produce one kg of hydrogen. As it is 
mentioned previously, the Cu-Cl cycle does not consume chemicals; however there might 
be some losses over the entire lifetime of the system. Hence, the chemical inventory is 
assumed to be multiplied by the one day production of hydrogen which is 125000 kg for 
the reference case. Although some of the chemicals, such as CuOCuCl2 and CuCl2, are 
not available in the database, they are defined by using their density and CAS number. 
 
Table 5.11: Material and energy inputs for the utilization of hydrogen plant. 
Material Input (kg) 5 step Cu-Cl cycle 
4 step Cu-Cl 
cycle 
3 step Cu-Cl 
cycle 
Aluminium ingots 2.46E-08 2.46E-08 2.46E-08 
Copper 2.04E-04 2.04E-04 2.04E-04 
Lead 5.57E-08 5.57E-08 5.57E-08 
Polyvinylchloride (PVC) 1.91E-07 1.91E-07 1.91E-07 
Steel 7.49E-08 7.49E-08 7.49E-08 
Titanium 4.13E-07 4.13E-07 4.13E-07 
Water 9.00E+00 9.00E+00 9.00E+00 
Energy Inputs (MJ) 
Thermal energy 1.96E+02 1.61E+02 1.83E+02 
Electrical energy 5.03E+01 6.72E+01 6.72E+01 
Output (kg) 
Hydrogen 1.00E+00 1.00E+00 1.00E+00 





Table 5.12: Chemical inventory to produce one kg of hydrogen. 
Chemicals (kg) 5 step Cu-Cl cycle 
4 step Cu-Cl 
cycle 
3 step Cu-Cl 
cycle 
HCl 3.65E+01 3.65E+01 3.65E+01 
Cu 6.35E+01 6.35E+01 - 
CuCl 1.98E+02 1.98E+02 1.98E+02 
CuCl2 1.35E+02 1.35E+02 1.35E+02 
CuO*CuCl2 1.07E+02 1.07E+02 1.07E+02 
 
Utilization of hydrogen plant is modelled using GaBi 4 and can be seen in Figure 5.11.  
Thermal energy is not included since it is coming from utilization of nuclear plant. The 
combined systems, i.e. fuel cycle together with nuclear based hydrogen plant, are given in 
the chapter 5.4.  
 
Figure 5.11: Utilization of hydrogen plant model. 
 
The four- and the three-step Cu-Cl cycles have the same emissions during their 
utilization.  This means that they have exactly the same material and power requirement. 
The only difference is the thermal energy which is not applied in this part of analysis. The 
difference can be clearly seen when the hydrogen systems are connected with nuclear 
power plants and fuel cycles. 
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5.3 LCA of the Entire System 
After subsystems, i.e. the fuel cycle, the nuclear plant and the hydrogen plant, and sub-
processes, such as mining, milling, utilization of the hydrogen plant, etc., have been 
modelled, they are all linked to each other to determine the overall environmental impact 
of the systems. Four different scenarios can be drawn regarding to power distribution as 
follows: 
 
1. All processes are assumed to use grid power. 
2. The electrolysis process of utilization of hydrogen plant is assumed to use the 
electricity from nuclear plant, the rest is assumed to use grid power mix. 
3. The electricity need in electrolysis and during heavy water production is assumed 
to be obtained by the nuclear plant, and the processes of fuel cycle are assumed to 
use grid power mix. 
4. All processes are assumed to use the nuclear plant electricity output. 
 
 Figure 5.12 shows the model of entire system for the first scenario.  
 




Uranium comes from fuel process to utilization of nuclear plant. However, nuclear plant 
is constructed and heavy water is produced before the utilization of nuclear plant. Then, 
nuclear plant produces electricity and thermal heat. Thermal heat is directly transferred to 
the hydrogen plant after it is constructed. In the first case, the produced electricity is not 
used by the system itself. The model of the second scenario is shown in Figure 5.13. The 
red line in the system is for electrical energy transfer. It is in red colour because all 
produced electricity is not used by hydrogen plant; hence the excess electricity goes to 
grid. 
 
Figure 5.13: Model of entire system for the second scenario. 
 
Figure 5.14 and 5.15 demonstrate GaBi 4 models for the third and the last scenarios. 
Environmental impacts of these four scenarios for the three-, four-, five- step Cu-Cl cycle 





Figure 5.14: Model of entire system for the third scenario. 
 
 





RESULTS AND DISCUSSION 
 
This chapter mainly consists of the findings from the analysis conducted in the previous 
chapter. In addition, there are some further discussions and comparisons among the 
systems described. Firstly, section 6.1 carries out the environmental impacts of four 
different scenarios drawn in chapter 5 in terms of impact categories defined by CML. For 
the each scenario description, the reference case (lifetime is 60 years and plant capacity is 
125,000 kg per day) is considered. Secondly, section 6.2 investigates the environmental 
impacts of parametric studies for the most environmental benign option, which is 
determined in section 6.1. Finally, section 6.3 compares the environmental impacts of 
nuclear based hydrogen production using Cu-Cl cycle with other hydrogen production 
methods.  
 
6.1 Results of LCA in terms of Impact Categories 
In this section, environmental impacts for one kg hydrogen production for four different 
scenarios which are related to the power use of the system are given. CML 2001 impact 
categories which are abiotic resource depletion potential (ADP), acidification potential 
(AP), eutrophication potential (EP), global warming potential (GWP), ozone depletion 
potential (ODP), photochemical ozone depletion potential (POCP) and radiation (RAD) 
are taken into consideration. Tables 6.1, 6.2, 6.3 and 6.4 show the results of these 
scenarios. Each impact categories in these tables will be discussed in detail by providing 
graphs for different scenarios in the following sections. 
 
It can be observed from Table 6.1 that the environmental impacts of the nuclear-based 
hydrogen production using the Cu-Cl cycle is relatively higher when all electricity need 
is supplied by the grid power. For instance, GWPs for the three-, four-, five-step Cu-Cl 
cycles are 15.9, 15.8 and 12.3 kg CO2-eq. per kg hydrogen production respectively. As it 
can be seen from section 6.3, these GWPs are even greater than GWP of hydrogen 
production via natural gas steam reforming.  Grid power used in this analysis is 
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composed of power from nuclear power plant, lignite, hard coal, natural gas, heavy fuel 
oil, hydro and wind. Unlike the other scenarios, the five-step Cu-Cl cycle has the lowest 
emissions for the first scenario. Since, the primary source of environmental effects is 
electricity used in the copper production step of the Cu-Cl cycle.  
 
Table 6.1: Environmental impacts for the first scenario. 
Impact Categories 5 step Cu-Cl cycle 
4 step Cu-Cl 
cycle 
3 step Cu-Cl 
cycle 
ADP (kg Sb-eq) 9.91E-02 1.12E-01 1.16E-01 
AP (kg SO2-eq) 7.66E-02 9.90E-02 9.95E-02 
EP (kg phosphate-eq) 3.18E-03 4.04E-03 4.08E-03 
GWP (kg CO2-eq) 1.23E+01 1.58E+01 1.59E+01 
ODP (kg R11-eq) 1.19E-06 1.56E-06 1.56E-06 
POCP (kg Ethene-eq) 4.45E-03 5.66E-03 5.71E-03 
RAD (DALY) 3.11E-08 4.06E-08 4.07E-08 
 
 
Table 6.2: Environmental impacts for the second scenario. 
Impact Categories 5 step Cu-Cl cycle 
4 step Cu-Cl 
cycle 
3 step Cu-Cl 
cycle 
ADP (kg Sb-eq) 4.05E-02 3.38E-02 3.80E-02 
AP (kg SO2-eq) 7.55E-03 6.79E-03 7.27E-03 
EP (kg phosphate-eq) 4.44E-04 3.88E-04 4.23E-04 
GWP (kg CO2-eq) 1.33E+00 1.18E+00 1.27E+00 
ODP (kg R11-eq) 8.09E-08 7.57E-08 7.89E-08 
POCP (kg Ethene-eq) 6.16E-04 5.39E-04 5.87E-04 
RAD (DALY) 2.10E-09 1.96E-09 2.05E-09 
 
Despite of the first scenario, the four-step Cu-Cl cycle has the minimum environmental 
impact among others, because the effect of electricity use in the copper production stage 
is eliminated by using nuclear plant electrical work output for the plant. Thus, the impacts 
are also lower than the first scenario. However, it is still difficult to conclude that the 
second scenario is an environmentally benign option. Since, impacts are greater than the 
third and fourth scenarios. For example, APs for the three-, four-, five-step Cu-Cl cycles 
are 37.27 10−× , 36.79 10−×  and 37.55 10−×  kg SO2-eq respectively and these values are 





Table 6.3: Environmental impacts for the third scenario. 
Impact Categories 5 step Cu-Cl cycle 
4 step Cu-Cl 
cycle 
3 step Cu-Cl 
cycle 
ADP (kg Sb-eq) 3.78E-02 3.12E-02 3.53E-02 
AP (kg SO2-eq) 4.38E-03 3.62E-03 4.10E-03 
EP (kg phosphate-eq) 3.18E-04 2.63E-04 2.97E-04 
GWP (kg CO2-eq) 8.26E-01 6.82E-01 7.72E-01 
ODP (kg R11-eq) 2.98E-08 2.46E-08 2.79E-08 
POCP (kg Ethene-eq) 4.40E-04 3.63E-04 4.11E-04 
RAD (DALY) 7.67E-10 6.32E-10 7.16E-10 
 
Electricity requirement is not only related to the utilization of hydrogen plant, but also 
related with heavy water production supplied by nuclear plant in the third scenario.  As it 
is observed in Table 6.3, the impacts are lower compared to the first two cases. While 
ADPs per kg hydrogen production of the five-step Cu-Cl cycle are 29.91 10−×  and 
24.05 10−×  kg Sb-eq. for the first and the second scenarios respectively, it is also 
23.78 10−×  kg Sb-eq. for the third scenario. 
 
Table 6.4: Environmental impacts for the fourth scenario. 
Impact Categories 5 step Cu-Cl cycle 
4 step Cu-Cl 
cycle 
3 step Cu-Cl 
cycle 
ADP (kg Sb-eq) 3.70E-02 3.05E-02 3.46E-02 
AP (kg SO2-eq) 3.44E-03 2.84E-03 3.21E-03 
EP (kg phosphate-eq) 2.81E-04 2.32E-04 2.63E-04 
GWP (kg CO2-eq) 6.76E-01 5.59E-01 6.33E-01 
ODP (kg R11-eq) 1.44E-08 1.19E-08 1.35E-08 
POCP (kg Ethene-eq) 3.87E-04 3.20E-04 3.62E-04 
RAD (DALY) 3.65E-10 3.01E-10 3.41E-10 
 
The entire electricity demand for the overall system (fuel cycle, heavy water production 
and hydrogen plant) is supplied by the nuclear plant in the fourth scenario. Hence, the 
negative environmental impacts, which arise from fossil fuel usage to produce electricity, 
are eliminated in that case. Thus, environmental impacts in terms of impact categories 
listed in Table 6.4 are the lowest among others. Moreover, emissions arise from the four-




Percentage contribution of the main stages of the nuclear based hydrogen production to 
total environmental impact for several impact categories are presented in the following 
figures. Since all three cycles have very similar results in terms of percentage 
contribution, the four-step Cu-Cl cycle is selected for these figures. 
 
Figure 6.1: Percentage contribution from different processes to total environmental 
impact for the first scenario. 
 
Figure 6.1 shows that the dominant stage affecting all environmental impact is the 
utilization of hydrogen plant which is due to grid power usage for the electrolysis of Cu-
Cl cycle. The fuel process, heavy water production and the utilization of nuclear plant are 
the other important factors which affect to the environment. 
 
Figure 6.2 presents percentage contribution of the second scenario in which electrical 
energy need for the electrolysis is supplied to the system by using the nuclear plant 
output. Hence, the environmental impact of the utilization of hydrogen plant is reduced 
and the effect of heavy water production and fuel process takes place. The greatest 
contributor to the ADP is seen as fuel cycle which is 90%. Moreover, fuel cycle is also 
the dominant factor for the impact categories including AP, EP, GWP and POCP. The 
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Figure 6.2: Percentage contribution from different processes to total environmental 
impact for the second scenario. 
 
 
Figure 6.3 shows percentage contribution for the third scenario where electrical energy 
required for electrolysis in the utilization of hydrogen plant and heavy water production 
is supplied by nuclear plant. Therefore, negative impacts arise from heavy water 
production and utilization of hydrogen plant in the previous two cases diminishes in the 
third scenario. Hence, fuel processes and utilization of nuclear plant are the main 
contributors to environmental impacts (Figure 6.3 & 6.4). While fuel process is the 
greatest contributor for all impact categories for the third scenario; it seems in Figure 6 
that the effect of fuel process is slightly decreased, and utilization of the nuclear plant is 
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Figure 6.3: Percentage contribution from different processes to total environmental 
impact for the third scenario. 
 
6.1.1 Abiotic Resource Depletion Potential 
As explained in section 2.3.1.1, ADP deals with effect on non-living natural resources. 
Figure 6.5 shows the ADP values per kg hydrogen produced for the four defined 
scenarios, and impact of the three-, four-, five-step Cu-Cl cycles for each scenario. ADP 
for the first scenario is the highest value as expected due to all the electrical energy 
demand by the system is supplied by grid power. Considering the five-step Cu-Cl cycle; 
while ADP for the second, third and fourth scenario is around 0.04 kg Sb-eq, it is 0.1 kg 
Sb-eq for the first scenario. 
 
Primary contributor of ADP is the fuel cycle. Moreover, if the numbers are analyzed 
carefully, it can be concluded that diesel fuel usage in milling and hard coal usage in 
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Figure 6.4: Percentage contribution from different processes to total environmental 
impact for the fourth scenario. 
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6.1.2 Acidification Potential  
AP is related to acid deposition of acidifying pollutants on soil, groundwater, surface 
waters, biological organisms, ecosystems and materials as described in section 2.3.1.2. 
Figure 6.6 shows the AP per kg hydrogen production. The minimum AP is achieved as 
32.84 10−×  kg SO2 by using the four-step Cu-Cl cycle and the fourth scenario because of 
lower thermal energy requirement of the four-step Cu-Cl cycle which directly affects the 
amount of uranium consumed in order to achieve this thermal energy. Since, the fuel 
cycle is the greatest contributor to this impact category.  
 
Figure 6.6: AP per kg hydrogen production using nuclear based hydrogen production. 
 
6.1.3 Eutrophication Potential 
Eutrophication covers all potential impacts of excessively high environmental levels of 
macronutrients, mainly nitrogen and phosphorus (section 2.3.1.3). EP per one kg 
hydrogen production using the Cu-Cl cycle is given in Figure 6.7. It is seen that heavy 
water production, and milling and mining in the fuel chain are the primary contributors to 
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this impact category for the second scenario. While minimum value calculated for EP, i.e. 
the four-step Cu-Cl cycle and the fourth scenario, is 42.32 10−× kg phosphate-eq, 
maximum value calculated, i.e. the three-step Cu-Cl cycle and the first scenario, is 
34.04 10−× kg phosphate-eq. 
 
Figure 6.7: EP per kg hydrogen production using nuclear based hydrogen production. 
 
6.1.4 Global Warming Potential 
GWP as described in section 2.3.1.4 is the impact of human emissions on the radiative 
forcing of the atmosphere which causes temperature rise at the earth’s surface and this is 
popularly referred as ‘greenhouse effect”. For the global warming potential the most 
important contributions come from utilization of nuclear power plant, milling and mining 
in the fuel cycle. Minimum GWP obtained is 0.559 kg CO2-eq which is for the fourth 




It is seen in the figure that the four-step Cu-Cl cycle has the minimum GWP values for 
the second, third and the fourth scenario due to its lower thermal energy requirement. 
However, for the first scenario the five-step Cu-Cl cycle has the lowest value. Although 
the four-step has the lowest thermal energy requirement for the first scenario as well, the 
electrical energy need for the electrolysis plays a significant role for GWP and the five-
step has the lowest electrical energy requirement. 
 
 
Figure 6.8: GWP per kg hydrogen production using nuclear based hydrogen production. 
 
6.1.5 Ozone Depletion Potential 
ODP is defined as the thinning of the stratospheric ozone layer as a result of emissions 
which causes a greater fraction of solar UV-B radiation to reach the earth’s surface 
(section 2.3.1.5). Utilization of nuclear plant is the primary source for ODP which 
accounts for 57 % of total impact in the fourth scenario. Figure 6.9 shows ODP values for 
the 12 different systems and the great amount of difference between the first scenario and 
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the rest three scenarios can be seen in the figure. This difference illustrates that the effect 
of electricity use on ODP is relatively greater. 
 
6.1.6 Photochemical Ozone Creation Potential 
As it is explained in section 2.3.1.6, photo-oxidants may be formed in the troposphere 
under the influence of ultraviolet light, through photochemical oxidation of Volatile 
Organic Compounds (VOCs) and carbon monoxide in the presence of nitrogen oxides. It 
is found that fossil fuel use in the milling process of the fuel cycle is by far the most 
important contributor to POCP with 51%. The minimum value obtained using the four-
step Cu-Cl cycle for the fourth scenario is 43.2 10−× kg Ethene-eq. and Figure 6.10 also 
displays POCP values for the various scenarios. 
 
6.1.7 Radiation 
Radiation comprises of the impacts arising from releases of radioactive substances as 
well as direct exposure to radiation, such as building materials. If the level of radiation is 
high, it can be harmful to both human beings and animals. RAD is the final impact 
category for the analysis. Figure 6.11 presents RAD values for each case. The main 
contributor to RAD is operation of nuclear plant for the fourth scenario in which 





Figure 6.9: ODP per kg hydrogen production using nuclear based hydrogen production. 
 
 






Figure 6.11: RAD per kg hydrogen production using nuclear based hydrogen production. 
 
6.2 Results of Parametric Study 
It is obvious that the fourth scenario is the most environmentally benign alternative. 
Further investigations on environmental impact are studied in this section, which contains 
variation in lifetime and plant capacity. Firstly, environmental effects of nuclear based 
hydrogen production using the three-, four-, five-step Cu-Cl cycles in terms of impact 
categories have been calculated by changing lifetime of the overall system from 10 years 
to 100 years for two different plant capacities  (125,000 kg per day and 62,500 kg per 
day). Secondly, environmental impacts have been investigated by varying the plant 
capacity from 1,000 kg to 500,000 kg for 30 and 60 years of system lifetime. The total 
environmental impact and impact per one kg hydrogen production are presented in the 




6.2.1 Abiotic Resource Depletion Potential 
Figure 6.12 shows variation of ADP per kg hydrogen production with respect to lifetime 
of the overall system. It is obvious that the four-step cycle has the lowest ADP values as 
expected and it is around 42.3 10−×  kg Sb-eq per kg hydrogen production. And the graph 




Figure 6.12: Variation of ADP (per kg H2 production) with lifetime of the system. 
 
Figure 6.13 and 6.14 illustrates total ADP for various system lifetimes and variation of 
ADP with respect to hydrogen plant capacity per day respectively. It is apparent that for 
large production rates the fixed impacts are minimized and minimum ADP value 
becomes around 0.03 kg Sb-eq for the four-step Cu-Cl cycle for a lifetime of 60 years 
with the plant hydrogen production capacity of 500,000 kg per day. 
 
Figure 6.15 shows the variation of total ADP with plant capacity. It can be seen that 
ADPs for the Cu-Cl cycle having a lifetime of 60 years are around 83.75 10× and 
81.75 10×  for a lifetime of 30 years with the plant production capacity of 500,000 kg 
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Figure 6.15: Variation of total ADP with plant capacity. 
 
6.2.2 Acidification Potential 
Figure 6.16 shows change in AP for various lifetime of the plant. While minimum AP 
calculated is around 32.8 10−× kg SO2-eq for 100 years lifetime and using the four-step 
Cu-Cl cycle, the maximum AP per kg hydrogen production is approximately 34.0 10−× kg 
SO2-eq. 
 
Figure 6.17 presents total AP over lifetime of system. It can be seen that magnitude of 
slope of the lines for 125,000 kg hydrogen capacity is twice magnitude of the lines with 
62,500 kg hydrogen production capacity. 
 
Figure 6.18 shows AP values for varying hydrogen production capacities per day. The 
figure demonstrates that AP is relatively higher for small plant capacities which are due 
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Figure 6.16: Variation of AP (per kg H2 production) with lifetime of the system. 
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Figure 6.18: Variation of AP (per kg H2 production) with plant capacity. 
 
Figure 6.19 shows total AP for various plant capacities. It can be seen that APs for 
125,000 kg hydrogen production capacity is around 64.0 10×  kg SO2-eq while APs for 
500,000 kg is around 71.55 10×  kg SO2-eq. This shows that APs are not exactly 
proportional to plant capacity because of the fixed impacts such as construction of the 
hydrogen and nuclear plants. 
 
6.2.3 Eutrophication Potential  
Figure 6.20 shows the variation of EP with respect to lifetime of the system, and it is 
observed that EP can be as low as 42.3 10−× kg phosphate-eq, if lifetime of the system is 
chosen as 100 years with the plant capacity of 125,000 kg hydrogen production per day 
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Figure 6.19: Variation of total AP with plant capacity. 
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Figure 6.20: Variation of EP (per kg H2 production) with lifetime of the system. 
 
Variation of total EP impact with lifetime of nuclear based hydrogen production system 
is given in Figure 6.33. It can be observed in the figure that the magnitude of the slope of 
the lines for 125,000 kg hydrogen production per day is double the magnitude of slope of 
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respect to the time can be formulated. Total EPs at the end of 100 years can be read 
approximately  61.15 10×  for a plant capacity of 125,000 kg and 56.0 10×  for a plant 
capacity of 62,500 kg hydrogen production per day. 
 
 
Figure 6.21: Variation of total EP with lifetime of the system. 
 
Figure 6.22 presents EP per kg hydrogen production for different hydrogen production 
capacities. It is shown that EP values are very close to each other for the three-, four-, 
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Figure 6.22: Variation of EP (per kg H2 production) with plant capacity. 
 
Total EP values for a range of hydrogen production capacity are presented in Figure 6.23. 
The graph shows that EPs for the nuclear-based hydrogen production using the 
thermochemical Cu-Cl cycle are around 61.5 10× kg phosphate-eq for overall system 
lifetime of 30 years and 62.75 10× kg phosphate-eq for lifetime of 60 years. 
 
6.2.4. Global Warming Potential 
GWP for a variety of plant lifetime is given in Figure 6.24 for each Cu-Cl cycle. The 
lowest GWP per kg hydrogen production, which is 0.55 kg CO2-eq, is achieved by the 
four-step Cu-Cl cycle with a plant capacity of 125,000 kg. Also, GWP for the four-step 
cycle which has a plant capacity of 62,500 kg is 0.56 kg CO2-eq, this shows that the 
effect of plant capacity is negligible for longer lifetimes. Moreover, the minimum GWP 
achieved by the three-step Cu-Cl cycle is around 0.63 kg CO2-eq and it is 0.67 kg CO2-eq 
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Figure 6.23: Variation of total EP with plant capacity. 
 
 
Figure 6.24: Variation of GWP (per kg H2 production) with lifetime of the system. 
 
Total GWP for various plant capacities is presented in Figure 6.25 which shows that 
variation of total GWP with plant capacity. It is seen that while GWPs of the five-, four-, 
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for the lifetime of 10 years, they are 89.45 10× , 87.85 10× and 88.85 10× kg CO2-eq for the 
lifetime of 30 years and with a capacity of 125000 kg. Results indicate that effects of 
fixed processes are more significant in shorter lifetimes.  
 
 
Figure 6.25: Variation of total GWP with lifetime of the system. 
 
Figure 6.26 displays the GWP for each cycle by varying the plant capacity. It is observed 
in the graph that the difference in GWP values between cycles having 30 and 60 years 
lifetime is relatively large for the smaller scale production, such as 1,000 kg per day. 
However, the difference between different cases becomes relatively smaller after 
hydrogen production capacity of 25,000 kg. 
 
Finally, total GWP values for a range of hydrogen production capacity are presented in 
Figure 6.27. While GWPs for the five-, four-, three-step cycles with 30 years lifetime are
93.68 10× , 93.04 10× and 93.44 10×  kg CO2-eq, they are 97.31 10× , 96.03 10× and 
96.83 10×  kg CO2-eq for 60 years and with a plant production capacity of 500,000 kg. 
Investigating the results for 50,000 kg give us that GWPs for the five-, four-, three-step 
cycles with 30 years lifetime are 83.97 10× , 83.33 10× and 83.73 10×  kg CO2-eq, they are
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effect of fixed processes, such as heavy water production and constructions, have 
minimal impact on GWPs. 
 
 
Figure 6.26: Variation of GWP (per kg H2 production) with plant capacity. 
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6.2.5 Ozone Depletion Potential 
It is seen in Figure 6.28 that ODP difference between reference lifetime (60 years) and a 
lifetime of 100 years is relatively small, i.e. 101.32 10−× which indicates that lifetime is not 
a very important factor for the four-step cycle for the selected  plant capacity of 125,000 
kg.  
 
Figure 6.28: Variation of ODP (per kg H2 production) with lifetime of the system. 
 
Figure 6.29 displays that variation of total ODP with different plant capacities. It is seen 
that while ODPs for 50 years 32.9, 29.0 and 30.8 kg R11-eq, they are 65.4, 57.5 and 61.1 
kg R11-eq for 100 years and with a capacity of 125,000 kg. This shows once again that 
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Figure 6.29: Variation of total ODP with lifetime of the system. 
 
Variation of ODP per kg hydrogen production is presented in Figure 6.30 for each cycle. 
Minimum ODP value for nuclear based hydrogen production is calculated as 81.18 10−×
kg R11-eq for the four-step Cu-Cl cycle which has a plant hydrogen production capacity 
of 500,000 kg per day with the total system lifetime of 60 years.  
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Figure 6.31 shows total ODP of each cycle with respect to plant capacity. It can be 
observed in the graph that a significant difference of ODPs start after 25,000 kg plant 
capacity between cycles with the plant lifetimes of 30 years and 60 years. Furthermore, 
the great difference in ODPs of the three-, four-, five-step cycles can be realized after a 
plant capacity of 300,000 kg hydrogen production per day. 
 
Figure 6.31: Variation of total ODP with plant capacity. 
6.2.6 Photochemical Ozone Creation Potential 
Figure 6.32 shows POCPs for six cases. The minimum values obtained for this impact 
category are 43.84 10−× , 43.17 10−× and 43.59 10−× kg Ethene-eq for the five-, four-, three-
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Figure 6.32: Variation of POCP (per kg H2 production) with lifetime of the system. 
 
Variation of total POCP impact with lifetime of nuclear based hydrogen production 
system is given in Figure 6.33. It can be seen again that the magnitude of the slope of the 
lines for 125,000 kg hydrogen production per day plant capacity is double the magnitude 
of slope of the lines for 62,500 kg hydrogen production per day. This means the variation 
of POCP with respect to time can be formulated. 
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Similar to the previous impact categories, POCPs for six cases are close to each other 
when the production rate is high as can be seen from Figure 6.34. For example, for a rate 
of 300,000 kg hydrogen production per day, the POCPs are 43.87 10−× , 43.20 10−× and 
43.62 10−×  kg Ethene-eq for the five-, four-, three-step cycles for 30 years lifetime, they 
are 43.83 10−× , 43.16 10−× and 43.58 10−×  kg Ethene-eq for 60 years  lifetime. That 




Figure 6.34: Variation of POCP (per kg H2 production) with plant capacity. 
 
Finally, POCP for various plant capacities are presented in Figure 6.35. While POCPs for 
the five-, four-, three-step cycles for 30 years lifetime are found to be 62.11 10× , 
61.74 10× and 61.96 10×  kg Ethene-eq, they are 64.18 10× , 63.45 10× and 63.91 10×  kg 
Ethene-eq for 60 years and with a plant production capacity of 500,000 kg. Investigating 
the results for 50,000 kg give us that POCPs for the five-, four-, three-step cycles are 
52.28 10× , 51.92 10× and 52.15 10×  kg Ethene-eq for 30 years lifetime, they are 54.36 10×
, 53.62 10× and 54.05 10×  kg Ethene-eq for 60 years. This implies again, the effect of 
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Figure 6.35: Variation of total POCP with plant capacity. 
 
6.2.7 Radiation 
Since fuel process is not the dominant contributor to this impact category unlike the other 
categories, the change in lifetime of the system does not significantly affect RAD values 
as can be observed from Figure 6.36.  
 
Variation of the total RAD with respect to lifetime of the system is given in Figure 6.37. 
The five-, four-, three-step Cu-Cl cycle with 125,000 kg plant capacity has a total RAD 
of around 1.65, 1.40 and 1.55 DALY. If the plant capacity is reduced to half, the RAD 
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Figure 6.36: Variation of RAD (per kg H2 production) with lifetime of the system. 
 
 
Figure 6.37: Variation of total RAD with plant capacity. 
 
Figure 6.38 shows variation of RAD per kg hydrogen produced with plant capacity. The 
minimum RAD values which have system lifetime of 60 and 30 years are 103.62 10−× and 
103.63 10−× DALY for the five-step cycle.  This implies that, the large plant capacities, the 
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Figure 6.38: Variation of RAD (per kg H2 production) with plant capacity. 
 
Finally, Figure 6.39 indicates that for smaller size plants, such as 1,000 kg hydrogen 
production per day, RAD values are almost the same for the six different cases. And 
increasing the plant capacity implies the big difference between RADs of the plants 
which have 30 years and 60 years lifetime. For example, the four-step cycle has total 
RAD as 3.26 DALY with the system lifetime of 60 years. In contrast, it is 1.64 DALY 
when the system has a lifetime of 30 years.   
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6.3 Comparison of LCA Results with Other Hydrogen Production 
Methods 
After applying LCI to the four different scenarios, finding the most environmental benign 
choice (the fourth scenario) and performing corresponding parametric studies, the 
environmental impacts for the reference case are compared to the various hydrogen 
production methods. 
  
In order to compare environmental impacts of the Cu-Cl cycle to other hydrogen 
production methods, both CML 2001 and Eco-indicator 95 methods are utilized. For 
CML 2001, the results are presented in terms of GWP and AP due to lack of reliable data 
in the literature for the rest of the impact categories. 
 
6.3.1 Comparison in terms of Impact Categories 
Utgikar et al. (2006) reported the GWP and the AP of nuclear based hydrogen production 
via high temperature electrolysis as 2,000 g CO2-eq and 0.15 g H+-eq, which equates to 
1.255 g SO2-eq. The following assumptions are made in order to facilitate the LCA of 
high temperature electrolysis: 
• Advanced nuclear plants used for high temperature electrolysis are treated as 
equivalent to existing plants with regard to quantities and types of materials of 
construction and therefore emissions are equivalent as well. Moreover, the 
quantities of emissions associated with fuel consumption and disposal are 
expected to be lower for the advanced nuclear plants. But to be conservative, 
emissions resulting from advanced nuclear plant are assumed to be the same as 
for existing plants. 
• For the advanced nuclear plant, the thermal to electric conversion efficiency is 
assumed to be 45%. 
• Thermal and electrical energy inputs are assumed to be 35 MJ/kg H2 and 90 
MJ/kg H2 respectively. 




The study of Spath et al. (2001) is used for LCA results of natural gas steam reforming. 
The following assumptions are made in the research: 
• The excess steam generated by the plant is assumed to be used by another 
source. 
• The plant life is assumed to be 20 years with two years of construction. 
• The hydrogen plant is assumed to be operating 90% of the time. 
 
For other hydrogen production methods biomass based processes, and production using 
renewables (wind/electrolysis and solar thermal), data are obtained from graphs in 
(Utgikar et al., 2006). 
 
Solli et al. (2006) report the GWP as 2,900 kg CO2-eq and the AP as 17 kg SO2-eq for 
one TJ higher heating value (HHV) of hydrogen, for hydrogen production via a nuclear 
based S-I thermochemical cycle. Dividing these values by HHV for hydrogen, it is found 
that 411.8 g CO2-eq and 2.41 g SO2-eq are emitted for one kg H2 production. However, 
the results are lower than expected, likely because the temperature and heat requirements 
of the S-I cycle are higher.  
 
Therefore, an LCA of the S-I cycle is also performed using the GaBi4 model for the Cu-
Cl cycle. Energy requirements of the S-I cycle are obtained from the study of Wang et al. 
(2010). The total heat released by exothermic reactions is 260 kJ/mol H2 (which is the 
average heat release of two cases: full gasification and no gasification). The heat 
exchanger effectiveness is assumed 70% as for the Cu-Cl cycle. Using this assumption, 
the total heat recovered is 182 kJ/mol H2. Also, the total heat required for endothermic 
reactions is 674.9 kJ/mol H2. Hence, the net thermal energy required for the reactions is 
492.9 kJ/mol H2. The required work for auxiliary equipment, including pumps, 
compressors, etc., is again assumed to be 38 kJ/mol H2. Hence, the calculations are 
similar to those for the five-step Cu-Cl cycle. 
 




kJ 1 1000g MJ 492.9  246.45gmol H kg kg H2 mol
= =  
 
The total electrical power requirement of the four-step Cu-Cl cycle is calculated as 
2 2
kJ 1 1000g MJ38 19 gmol H kg kg H2 mol
= =  
 
All the assumptions for the Cu-Cl cycle are valid for the S-I cycle as well. Using these 
inputs to the GaBi 4 model provides the following results for the S-I cycle. The GWP and 
AP of the S-I cycle using the approach of this research are 855 g CO2-eq and 4.3 g SO2-
eq which are used in the comparison graphs. 
 
As mentioned above, hydrogen production via the S-I thermochemical cycle and high 
temperature electrolysis is nuclear based, while the heat supply is from natural gas in 
conventional steam methane reforming. These methods are compared with electrolysis 
which is driven by renewable energy supplies (wind, solar and biomass). 
 
For these hydrogen production processes, GWPs and APs are compared graphically in 




Figure 6.40: GWP for several hydrogen production processes. 
 
The LCA results in Figure 6.40 thus indicate that hydrogen production using 
thermochemical cycles are the most environmentally benign of the processes considered 
for hydrogen production, in terms of CO2 emissions. Moreover, natural gas steam 
reforming is seen to be the most harmful due to direct fossil fuel usage as an energy 
source. 
 
The acidification potential results in Figure 6.41 show that biomass gasification has the 
highest impact on environment. Moreover, wind based electrolysis and thermochemical 
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Figure 6.41: AP for several hydrogen production processes. 
 
6.3.2 Weighting 
To obtain a measure of the overall environmental impact, the Eco-indicator 95 method is 
applied. With that method, the acidification potential is multiplied by 10 and the GWP by 
2.5 (Goedkoop et al., 1996). The resulting values are then summed. The overall 
environmental impacts obtained this way for the various hydrogen production processes 
considered are presented in Figure 6.42. It is observed in that figure that natural gas 
steam reforming has the highest overall environmental impact, a result that was expected. 
Hydrogen production processes via nuclear based thermochemical cycles and renewable 
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THERMAL MANAGEMENT ASPECTS 
 
In the previous chapters environmental impact caused by the nuclear based hydrogen 
production via thermochemical water splitting using the Cu-Cl cycle has been 
investigated.  The aim of this chapter is to find possible ways to reduce defined 
environmental impacts.  
 
7.1 Thermal Management Opportunities 
Results found in chapter 6 indicate that fossil fuel usage in the processes of the fuel cycle, 
which is directly proportional to nuclear reactor energy output, is the greatest contributor 
to almost all impact categories. Moreover, as it is mentioned earlier, reactor energy 
output is dependent on the Cu-Cl cycle thermal energy requirement. Therefore, it is 
observed that the four-step Cu-Cl cycle, which has the minimum thermal energy 
requirement among others, has lower environmental effects than the three-, five-step Cu-
Cl cycles. 
 
Figure 7.1 shows the simplified system diagram, in which UO2 is the main input to the 
nuclear plant; electrical energy (Wel,nuc), waste heat (Qwaste) and thermal energy (Qth,nuc) 
are the output to the system. Small portion of electricity produced by the nuclear plant as 
well as the thermal energy are the input to the hydrogen plant, and H2 is the ultimate 
output. 
 
In this system (Figure 7.1), two thermal management options, outside of the hydrogen 
plant and within the hydrogen plant, considered by defining two efficiencies and showed 




Figure 7.1 Simplified system diagram 
 
Applying thermal management on the nuclear plant and on heat transfer from nuclear 
plant to hydrogen plant provide us the ability to increase the thermal output efficiency 
which is defined in chapter 5. Figure 7.1 also shows that electrical and thermal energy are 
two outputs of the nuclear plant. Thermal energy output comes from both waste and 
process heat. As it is mentioned, hydrogen plant uses the thermal energy which comes out 
from nuclear plant as waste and process heat. This part of thermal management deals with 
how much thermal energy can be obtained from these waste and process heat. Thus the 














                                                                                           (7.1) 
 
This efficiency directly affects not only the heat transfer to the hydrogen plant but also 
the mass of uranium. Hence, variation of environmental impacts with respect to thermal 
output efficiency is investigated. 
 
As mentioned in the system description chapter, along with heat inputs (such as 
endothermic reactions and heat requirement before reactions), there are also heat outputs 
from exothermic reactions and heat exchangers in the Cu-Cl cycle (Table 4.2). Thus, Qrec 
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and hrp are defined as recovery heat from exothermic processes and thermal recovery 
percentage in the chapter 5. Increasing the thermal recovery percentage, and therefore 
heat recovery, will cause a reduction in the thermal energy requirement of the Cu-Cl 
cycle. There are various heat recovery options that can affect heat recovery percentage. 
For example; 
 
• Selecting more efficient heat exchangers in the cycle, which have higher material 
qualities, 
• Choosing more efficient secondary fluids in the heat exchangers, which have 
higher heat capacity, and 
• Approaching the stoichiometric reactions in each step. 
 
Due to the lack of studies in the literature that applies the previously mentioned thermal 
management options or experimental set-up to perform these analyses, the effects of heat 
recovery to the environment is investigated in this thesis by changing the heat recovery 
percentage from 0 to 1, which will ultimately affect the hydrogen plant efficiency. 
Efficiency of the resulting hydrogen plant can be seen from Figure 7.1, second box. The 
output is the hydrogen, hence LHV must be on the numerator and the input is thermal 
energy and electrical energy coming from nuclear plant and they are on the denominator. 
Thus, the efficiency of hydrogen plant can be calculated as in equation 5.3:  
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where  ,exo cycQ  is total heat released by exothermic reactions, ,endo cycQ  is the reaction heat 
for endothermic reactions in the cycle, 
2H
LHV is lower heating value of hydrogen, which 




As it is seen from equation 7.2, the efficiency of the system is effective on thermal 
requirement of the system. For this reason, a variety of environmental impacts with the 
Cu-Cl cycle efficiency is also investigated. 
 
7.2 Variation of Environmental Impacts with Thermal Output 
Efficiency 
Environmental impacts by varying thermal output efficiency are studied in this section. 
Thermal output efficiency can be increased by reducing the waste heat. For example, 
eliminating the waste heat will result 100% thermal output efficiency. The results are 
presented in Figures 7.2 and 7.3 in terms of GWP and AP, since other impact categories 
have very similar trends. 
 
Figure 7.3 shows the importance of thermal management for the heat transfer from 
nuclear plant to hydrogen plant. Increase in efficiency from 0.1 to 1 decreases GWP from 
3.32 to 0.346 kg CO2-eq for the five-step, from 2.73 to 0.287 kg CO2-eq for the four-step 
and 3.10 to 0.324 kg CO2-eq per kg hydrogen production for the three-step Cu-Cl cycle. 
It is impossible to increase efficiency to 1 due to inevitable losses to the surroundings; 



























Variation of AP with thermal efficiency of heat transfer from nuclear plant to hydrogen 
plant is presented in Figure 7.3 which indicates the importance of thermal management 
once more. For example, AP of the four-step Cu-Cl cycle is decreased from 21.40 10−×  kg 
SO2-eq to 31.45 10−×  kg SO2-eq per kg hydrogen production by increasing the thermal 
efficiency from 0.1 to 1. Moreover, even 60% thermal efficiency has AP of 0.002376 kg 


























Figure 7.3: Variation of AP with thermal output efficiency. 
 
7.3 Variation of Environmental Impacts with Hydrogen Plant Efficiency 
At first, minimum and maximum efficiencies of the three-, four-, five-step cycles are 
calculated by changing heat recovery percentage from 0, which means “no heat 
recovery”, to 1, i.e. heat is fully recovered from exothermic reactions,  via using equation 
7.2 and data from system descriptions chapter. The maximum and minimum efficiency 
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Similarly, the maximum and minimum efficiency for the five-step Cu-Cl cycle can be 
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Environmental impacts by varying the Cu-Cl cycle efficiencies are studied in this section. 
The results are presented in Figure 7.4 and Figure 7.5 in terms of GWP and AP. The 
significance of heat recovery can be seen in Figure 7.4 which shows that GWP can be 
reduced as low as 0.4 kg CO2-eq per kg hydrogen production, and this value is lower than 
all the hydrogen production methods presented in Figure 6.40. Hence, further studies 

















































Figure 7.5: Variation of AP with hydrogen plant efficiency. 
 
Figure 7.5 shows that heat recovery is crucial for AP as well. All three cycles have 
similar trends; however it is possible to increase the efficiency of the four-step Cu-Cl 
further. Hence, the AP can be decreased more compared to the other cycles. The 
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minimum AP is around 32.1 10−×  kg SO2-eq per kg hydrogen production for fully 
recovered heat in the four-step Cu-Cl cycle, and it is lower than all other hydrogen 





CHAPTER 8  




This thesis has explored the environmental impacts of nuclear based hydrogen production 
via thermochemical water splitting using the Cu-Cl cycle by life cycle assessment 
methodology. Even though hydrogen is a clean energy carrier, the negative impacts 
during its production cannot be disregarded and therefore life cycle analyses for various 
scenarios have been investigated.  Since the Cu-Cl cycle is a conceptual study, there is no 
unique design.  
 
First of all, LCA study for the three-, four-, five-step Cu-Cl cycle have been conducted 
for four different scenarios, which are related to electrical power distribution. Results are 
presented in seven impact categories including GWP defined by CML, and  show that the 
four-step Cu-Cl cycle linked with Generation IV SCWR- which supplies all electricity 
requirements for the production processes- has the lowest environmental impact due to its 
lower thermal energy requirement. The primary contributors to impact categories have 
been observed as the fuel cycle, mainly mining and conversion stages due to fossil fuel 
use in these processes, and utilization of nuclear plant.  
 
After finding the scenario with the lowest impact, parametric studies have been 
performed for diverse production capacities and plant lifetimes. The parametric studies 
showed that the effect of plant lifetime on environmental impacts per kg hydrogen 
production diminish for the large scale production capacities. Since, the fixed impacts, 
e.g. impacts due to construction of hydrogen plant, are minimized for large production 
rates and relatively higher plant lifetime. 
 
Environmental impacts are also compared with certain other hydrogen production 
methods, including steam methane reforming, renewable based electrolysis, nuclear 
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based high temperature electrolysis and nuclear based thermochemical S-I cycle. Both 
CML 2001 and Eco-indicator weighting methods are applied. Results show that steam 
methane reforming has the greatest environmental impact as expected due to direct fossil 
fuel usage. Moreover, thermochemical S-I and Cu-Cl cycles have the lowest impacts. 
 
Finally, methods to further reducing environmental impacts for hydrogen production 
using the Cu-Cl cycle have been investigated. Since, the environmental impacts arising 
from the production of hydrogen using the Cu-Cl cycle are slightly higher than its 
competitor, the S-I cycle, the corresponding impact is lower than all other production 
processes. Results from this section (Chapter 7) help decision makers to understand the 
significance of thermal management and its effects on impact categories. Increasing heat 
recovery within the cycle and efficiency of heat transfer from nuclear plant to the Cu-Cl 
cycle provides great amount of environmental profit which  enables the Cu-Cl cycle to 
become superior to the S-I cycle in terms of GWP and AP. 
 
The following additional concluding remarks can be drawn from this thesis: 
• If the electrical energy output of nuclear plant is used for all process in nuclear-
based hydrogen production, the GWP will decrease 15.8 kg to 0.56 kg CO2-eq. 
• The four-step Cu-Cl has the lowest environmental impacts compared to the three- 
and five-step cycles. 
• The primary process affecting the environmental impacts of nuclear-based 
hydrogen production using the Cu-Cl cycle is the fuel cycle, mainly mining and 
conversion stages due to fossil fuel use in these processes. 
• Parametric studies showed that the increase in plant hydrogen production capacity 
and lifetime does not have significant effects on impact categories per kg 
hydrogen production if the capacities and lifetimes are great enough. 
• Parametric studies also showed that APs and GWPs for the four-step Cu-Cl can 
be reduced from 0.0031 to 0.0028 kg SO2-eq and from 0.63 to 0.55 kg CO2-eq 
respectively, if the lifetime increases from 10 to 100 years. 
• The nuclear-based S-I cycle and the nuclear-based four-step Cu-Cl are the most 
environmentally benign hydrogen production in terms of AP and GWP. GWPs of 
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the S-I and the four-step Cu-Cl cycles are 0.412 and 0.559 kg CO2-eq. Moreover, 
APs of these cycles are 0.00241 and 0.00284 kg SO2-eq. 
• As illustrated in section 7.2, the increase in thermal output  efficiency from 0.1 to 
1 decreases the GWP from 0.902 to 0.287 kg CO2-eq and the AP from 0.00458 to 
0.00145 kg SO2-eq for the four-step Cu-Cl cycle. 
• Also, the increase in hydrogen plant efficiency from 0.36 to 0.65 decreases the 
GWP from 0.902 to 0.412 kg CO2-eq and the AP from 0.00459 to 0.00209 kg 
SO2-eq for the four-step Cu-Cl cycle. 
 
In conclusion, hydrogen is expected to play a key role in sustainable development. In 
order to support this idea, environmentally benign ways of producing hydrogen must be 
investigated. This study showed that the Cu-Cl cycle will be a crucial part of this 
development not only through associated lower temperature requirements, but also 
through lower overall environmental effects. 
 
8.2 Recommendations 
This study may help decision makers to increase interest in hydrogen production using 
thermochemical water splitting, since this thesis presented that hydrogen can be produced 
in a cleaner way by using the Cu-Cl cycle. Moreover, it is recommended that studies 
should focus on the four-step Cu-Cl cycle, since it has the lowest environmental impacts. 
 
Since there is no existing Cu-Cl cycle plant and SCWR, certain assumptions have been 
made on materials used for equipments and construction of these plants. Better LCA 
analysis can be modeled, when these systems are industrialized. Further detailed studies 
that cover all environmental impacts for all hydrogen production methods are also needed 
to be investigated. These studies are expected to give decision makers more accurate and 
reliable information on environmental impacts.  
 
Finally, effect of thermal management should be further investigated by experimental 
studies and simulations of the system using necessary software since, decreasing thermal 
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